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Development of a Vegan Soybean-Based Yoghurt
Alternative Using Levilactobacillus brevis QD-1 and Saccharomyces
cerevisiae as the Starter Culture for Improved Texture
and Aroma Profile

Thanh-Sang Nguyen' ®, Quoc-Duy Nguyen? ®, Hong-Tham Truong-Thi%* ®, Hieu Vu-Quang? @, Anh D. Do** ®

'Food Technology Faculty, Saigon Technology University, Ho Chi Minh City, Vietnam
“Faculty of Applied Science and Technology (FAST), Nguyen Tat Thanh University, Ho Chi Minh City, Vietnam
*VINACROP Company Limited, Ho Chi Minh City, Vietnam
“CIRTech Institute, HUTECH University, Ho Chi Minh City, Vietnam

This study aimed to develop a vegan soybean yoghurt alternative using co-cultures of Levilactobacillus brevis QD-1 and Saccha-
romyces cerevisiae, and to evaluate their effects on textural properties, protein structure, and aroma profile of the end product.
Filtered and concentrated soybean slurry was fermented using varying inoculum densities (10°~10° CFU/mL) of L. brevis alone
and in combination with S. cerevisiae. Visible coagulation occurred at approximately 9 h of fermentation, when pH reached
5.12-5.68. Co-cultured samples exhibited significantly improved textural attributes, including increased hardness and gummi-
ness, and water-holding capacity, which were associated with elevated exopolysaccharide (EPS) production primarily attributable
to L. brevis. In particular, the soybean yoghurt alternatives produced by co-cultured fermentation using an inoculum density
of 10*and 10° CFU/mL showed the highest EPS contents (201-216 mg/L), along with increased hardness (1.48-1.58 N) and
gumminess (0.74-0.77 N). Sodium dodecy! sulfate—polyacrylamide gel electrophoresis analysis demonstrated more extensive
degradation of allergenic soy proteins, including 3-conglycinin and glycinin, in the co-fermented samples. Fourier-transform
infrared spectroscopy indicated favourable modifications in protein secondary structure, notably an increased a-helix content,
consistent with improved gel network formation. In addition, the volatile organic compound profile was characterised by
shifts in the relative abundances of acetic acid, 2,3-butanediol, and phenethyl alcohol in the presence of yeast. At the highest
co-culture level, ethanol content decreased to 69.55% of total volatile organic compounds, while contents of acetic acid,
2,3-butanediol, and phenethyl alcohol increased to 15.42%, 9.46%, and 1.87%, respectively. Collectively, these findings indicate
that lactic acid bacteria and yeast co-fermentation may represent a promising approach to produce high-quality plant-based
yoghurt with enhanced nutritional and sensory characteristics.

Keywords: exopolysaccharides, lactic acid bacteria—yeast interaction, plant-based fermentation, protein structural modifica-
tion, volatile compounds

INTRODUCTION multiple studies. Plant-based dairy alternatives (PBDAs) gener-
Vegan food alternatives to conventional dairy products present ally contain higher levels of dietary fibre and lower amounts
both nutritional advantages and limitations, as reported in of saturated fat than traditional dairy products, which may
*Corresponding Author: Submitted: 31 December 2025
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contribute to an improved overall diet quality and a reduced
saturated fat intake [Marchese et al., 2024; Moshtaghian et al.,,
2024]. However, most PBDAs tend to provide a lower protein
content, with the notable exception of soy-based products,
which can match or exceed the protein levels typically found in
dairy products [Moshtaghian et al., 2024]. Nevertheless, PBDAs
may still be nutritionally limited in terms of micronutrients that
are naturally abundant in dairy products, including iodine and
vitamin B,, unless appropriate fortification strategies are applied
[Medicietal.,, 2023]. From an environmental perspective, PBDAs
offer substantial benefits, including reduced greenhouse gas
emissions and lower land and water requirements relative
to dairy production, rendering them an attractive option for
consumers seeking more sustainable dietary choices [Craig
etal, 2023].

A soybean yoghurt alternative offers several nutritional ad-
vantages over traditional dairy yoghurt, largely attributable to its
distinctive composition and the fermentation process involved.
Akey benefitisits suitability for individuals with lactose intolerance
and those adhering to a vegan diet, as it is entirely plant-based
and free from lactose. From a nutritional perspective, a soybean
yoghurt alternative is rich in proteins, vitamins, and minerals,
with reported increases in B vitamins and unsaturated fatty acids
compared to an unfermented soybean substrate used for its pro-
duction, which are associated with cardiovascular health benefits
[Mehaya et al., 2023]. Fermentation further enhances soybean
nutrient bioavailability, including that of isoflavones, which have
been implicated in the modulation of hyperglycaemic disorders
[Langa etal, 2023].In addition, soybean yoghurt has been shown
to positively influence gut microbiota composition, an important
determinant of digestive health, by promoting beneficial genera,
such as Lactobacillus and Bifidobacterium [Park & Mannaa, 2025].
The presence of y-aminobutyric acid (GABA) in certain soybean
yoghurt formulations may further contribute to health-promoting
effects, particularly with respect to glucose regulation and gut
health [Weng et al, 2023]. Moreover, substitution of cow's milk
with a soybean substrate in yoghurt production does not appear
to substantially compromise micronutrient content, as mineral
and vitamin levels in the soybean yoghurt alternative are com-
parable to those of conventional yoghurt [Otolowo et al, 2022].
Finally, fermentation with selected lactic acid bacteria strains has
been reported to enhance mineral bioavailability, which may be
beneficial for bone health [Gan et al, 2023].

Co-cultivation of lactic acid bacteria (LAB) and yeast during
fermentation of soybean-based substrates represents a promis-
ing strategy for enhancing the nutritional and functional prop-
erties of the final product. The combined use of LAB and yeast
has been reported to improve nutrient and mineral bioavail-
ability, as evidenced by enhanced mineral bioaccessibility and
solubility, along with the degradation of phytate-mineral and
protein-mineral complexes into smaller, more readily bioavail-
able forms during LAB-mediated fermentation [Gan et al., 2023].
In particular, fermentation of soybean substrate using Saccha-
romyces boulardii in combination with Lactobacillus plantarum
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has been shown to enhance the nutritional profile, including
elevated levels of B vitamins, unsaturated fatty acids, and anti-
oxidant activity, compared with LAB-only fermentation [Mehaya
et al, 2023]. In addition, co-cultivation of selected yeasts with
LAB may confer distinctive aromatic and functional attributes
to soy-based fermented beverages, as demonstrated by yeast
consortia thatincrease phenolic content and antioxidant capac-
ity while maintaining probiotic viability [Agarbati et al,, 2023].
The synergistic interactions between LAB and yeast are further
supported by reports of improved carbohydrate utilisation and
metabolite release, resulting in increased lactic acid production
and enhanced probiotic growth [do Amaral Santos et al., 2014].
Moreover, co-cultivation strategies may mitigate undesirable
off-flavours and improve sensory characteristics, as LAB are ca-
pable of producing flavour-enhancing volatile compounds [Lee
etal., 2024]. These positive microbial interactions are considered
critical for optimising substrate conversion and improving the
nutritional and sensory quality of fermented soy products [Canon
et al, 2020]. Nevertheless, the specific effects of LAB-yeast co-
cultivation on soybean yoghurt alternative quality parameters,
including texture, protein structure, and aroma profile, remain
insufficiently explored.

This study investigated the effects of co-fermentation of
Levilactobacillus brevis and Saccharomyces cerevisiae on the phys-
icochemical and structural properties of soybean-based yoghurt.
By modulating initial inoculation densities, the influence of mi-
crobial interactions on gel formation, protein secondary struc-
ture, exopolysaccharide (EPS) production, and volatile organic
compound profiles was systematically examined.

MATERIALS AND METHODS

H  Microorganism strains and culture conditions

The bacterial strain L. brevis QD-1 (NCBI accession number: PRJ-
NAT1121961) and the yeast strain S. cerevisiae (NCBI accession
number: PP116084) were previously isolated from kombucha
[Nguyen & Nguyen, 2024] and maintained in the microbial cul-
ture collection of the Department of Food Technology, Faculty of
Applied Science and Technology (FAST), Nguyen Tat Thanh Uni-
versity, Ho Chi Minh City, Vietnam. L. brevis QD-1 was maintained
on De Man-Rogosa-Sharpe agar (MRS; HiMedia Laboratories Pvt.
Ltd., Mumbai, India), while S. cerevisiae was cultivated on yeast
extract-peptone—dextrose agar (YPD; HiMedia Laboratories Pvt.
Ltd., Mumbai, India). Prior to fermentation, L. brevis was propa-
gated in MRS broth at 37°C for 18 h under anaerobic conditions,
and S. cerevisiae was cultured in YPD broth at 30°C for 24 h under
aerobic conditions. Preliminary growth curve experiments (data
not shown) confirmed that these incubation times corresponded
to late exponential phase. Following incubation, both cultures
were harvested by centrifugation at 10,000xg for 5 min and
washed twice with phosphate-buffered saline (PBS). The washed
cell pellets were resuspended in sterile PBS and adjusted to an
optical density of 1.0 measured at 600 nm (ODgq), corresponding
to approximately 1x10® CFU/mL, to obtain standardised stock
suspensions for subsequent inoculation.
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= Fermentation of soybean water slurry by a mixed
culture of Levilactobacillus brevis QD-1 and
Saccharomyces cerevisiae
High-quality, mould-free soybeans were procured from Choice L
Ltd., Ho Chi Minh City, Vietnam. According to the manufacturer’s
specifications, the raw soybeans contained approximately 34 g
of protein, 18.4 g of lipids, 24.6 g of carbohydrates, and 4.5 g of
dietary fibre per 100 g (dry weight basis). The soybeans were
soaked in water for 8 h, dehulled, and ground with water at a ratio
of 1:2 (g/mL). The resulting slurry was filtered through a cloth
and heat-treated at 85°C until the extract reached a total solid
content of 17% and an initial pH of 6.75+0.05, as measured using
an Mi150 pH meter (Milwaukee Instruments, Szeged, Hungary).
Following cooling to 37°C, the soybean extract was inoculated
with a mixed culture of L. brevis QD-1 and S. cerevisiae at a 1:1
ratio (based on CFU counts), at final inoculation levels for each
strain being 10° CFU/mL (LB+S_3), 10* CFU/mL (LB+S_4), and
10° CFU/mL (LB+S_5).The inoculum was added as a washed cell
suspension at 1% (v/v) of the soybean extract volume. Control
samples were inoculated with L. brevis QD-1 alone at the same
cell densities and designated LB_3, LB_4,and LB_5, respectively.
Fermentation was conducted at 37°Cfor 16 h in accordance with
the procedure described by Nguyen et al. [2024].

= Analytical methods

B pH and total acidity determination

The pH was measured using a Mi150 pH meter (Milwaukee
Instruments). Total titratable acidity (TTA) was determined by
titrating 10 mL of the sample with 0.1 M NaOH to an endpoint of
pH 8.3, using 1% (w/v) phenolphthalein as an indicator. Titratable
acidity was expressed as grams of lactic acid equivalent per litre
(9/L) and calculated using the following Equation (1):
TTA = (Vnaon X 0.009 x 1,000)/Vsample (1)
where: Vy,on is the volume of 0.1 M NaOH consumed during
titration (ML), Vsample is the sample volume (mL), and 0.009 is
the conversion factor for a lactic acid equivalent [Nielsen, 2017].

®m  Surface morphology observation during fermentation
Surface morphology was evaluated macroscopically throughout
fermentation by visual observation and photographic record-
ing of the sample surface at different fermentation times, with
particular attention to coagulation onset and the appearance
of surface cracks [Nguyen et al., 2024].

B Microbial density determination

Microbial density was quantified by the serial dilution plate count
method. For L. brevis, appropriate dilutions were spread on MRS
agar and incubated anaerobically at 37°C for 48 h. For S. cere-
visiae, samples were plated on YPD agar supplemented with
1% chloramphenicol to inhibit bacterial growth and incubated
aerobically at 37°C for 48 h. Colony counts were recorded and
expressed as log CFU/mL [Van et al,, 2023].
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B Exopolysaccharide quantification

Exopolysaccharides (EPS) were isolated from soybean yoghurt
alternative samples using a modified method based on the
protocol described by Lin & Chien [2007]. Proteins and bacterial
cells were precipitated by the addition of an equal volume of
40% trichloroacetic acid, followed by centrifugation at 10,000xg
for 15 min at 4°C. The resulting supernatant was mixed with
an equal volume of ethanol and stored at 4°C for 24 h to allow
EPS precipitation. The crude EPS was transferred into dialysis
tube (10-14 kDa molecular weight cut-off) and dialysed against
distilled water at 4°C for 24-48 h to remove residual medium
components and other low-molecular-weight impurities. Fol-
lowing centrifugation under identical conditions, the EPS pel-
let was collected and resuspended in distilled water. The total
neutral glycoside content was subsequently quantified using the
phenol-sulphuric acid method, where 1 mL of the sample was
mixed with T mL of a 5% phenol solution, followed by the rapid
addition of 5 mL of concentrated sulphuric acid, incubated at
room temperature for 10-30 min, and absorbance was measured
at 490 nm using a glucose standard curve, with results expressed
as glucose equivalents [Urshev et al., 2007].

®  Water-holding capacity and syneresis determination
Water-holding capacity (WHC) was determined by centrifuging
5 g of the soybean yoghurt alternative at 3,000xg for 10 min.
WHC (%) was calculated using Equation (2):
WHC = (1 — Wy/W,) x 100 2)
where: W, is the initial sample weight and W, denotes the weight
of the supernatant obtained after centrifugation.

Syneresis was determined by storing 30 g of the soybean
yoghurt alternative at 4°C for 2 h. This duration was established
through preliminary trials to monitor initial whey separation
while minimising confounding effects from long-term structural
rearrangements. The percentage of syneresis was calculated
as the mass of the expelled whey, relative to the initial sample
weight [Dénmez et al., 2017].

m  Texture profile analysis

Texture profile analysis (TPA) was performed using a CT3 texture
analyser (AMETEK Brookfield Inc., Middleboro, MA, USA) fitted
with a cylindrical probe (TA4/1000; diameter 38.1 mm). The test
conditions were as follows: probe-to-sample distance of 30 mm,
trigger load of 7 g, and test and return speeds of 0.5 mm/s. Each
sample was subjected to two consecutive compression cycles,
with a total test duration of approximately 170 s and no recovery
between cycles, allowing the acquisition of two positive force
regions. Textural parameters, including hardness, cohesiveness,
springiness, gumminess, and adhesiveness, were recorded and
analysed using Text Proc CT V1.3 software (AMETEK Brookfield
Inc., Middleboro, MA, USA). Hardness and gumminess were
expressed in Newtons (N), converted from gram-force using the
factor of 0.009807 N/g.
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®  Sodium dodecyl sulfate-polyacrylamide gel electropho-
resis

The protein composition of soybean yoghurt alternative samples
was analysed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) using 10% resolving gels [Laemmli,
1970]. Prior to electrophoresis, the samples were denatured by
mixing with a sample buffer at a ratio of 4:1 (v/v), followed by heat-
ing at 100°C for 3 min and cooling for 2 min. Subsequently, 20 uL
of the denatured sample were loaded into wells of a 4% stacking
gel prepared with the following composition: 0.65 mL of 30%
acrylamide, 1.75 mL of 0.5 mM Tris-HC| buffer (pH 6.8), 3 mL of
distilled water, 100 pL of 10% SDS, 100 uL of 10% ammonium
persulfate (APS), and 10 pL of N,N,N/N-tetramethylethylenedi-
amine (TEMED). Electrophoresis was performed at 80 V until
the proteins migrated through the stacking gel, after which the
voltage was increased to 120V for separation in the 10% resolving
gel, composed of 3.3 mL of 30% acrylamide, 2.5 mL of 0.5 mM
Tris-HCl buffer (pH 8.8), 4 mL of distilled water, 100 uL of 10% SDS,
100 pL of 10% APS, and 4 uL of TEMED. Following electrophoresis,
the gels were stained with 0.23% Coomassie Brilliant Blue R-250
for 30 min and subsequently destained in a solution containing
10% methanol and 10% acetic acid until a clear background
was achieved. Protein bands were visualised using a BioDoc-It
UVP imaging system (Analytik Jena AG, Jena, Germany). Protein
molecular weights were estimated by comparison with standard
protein molecular weights ranging from 10to 250 kDa (PageRuler
Plus prestained protein ladder 26619, Thermo Fisher Scientific,
Waltham, MA, USA). Results were expressed as qualitative band
intensity comparisons.

®  Determination of secondary structure of protein by Fourier
transform infrared spectroscopy
Lyophilised soybean yoghurt alternative samples (1 mg) were
mixed with 100 mg of KBr and pressed into pellets. Fourier trans-
form infrared (FTIR) spectroscopy was employed to characterise
protein secondary structure. FTIR spectra were acquired over the
wavenumber range of 400-4,000 cm™" using an MIR Frontier FTIR
spectrometer (PerkinElmer, Waltham, MA, USA) at a spectral reso-
lution of 4 cm™". Protein secondary structures were evaluated by
focusing on the amide | region (1,600-1,700 cm™), which is highly
sensitive to backbone conformations. Prior to analysis, spectra
were baseline-corrected using a second-order polynomial func-
tion. Fourier self-deconvolution (FSD) and second derivative
methods were subsequently applied to enhance spectral resolu-
tion and identify underlying component peaks. Peak deconvo-
lution and curve fitting were performed using OriginPro 2017
(Multiple Peak Fit module; OriginLab Corporation, Northampton,
MA, USA), employing Gaussian functions to resolve overlapping
bands. Peak positions were assigned based on established litera-
ture, corresponding to a-helix (1,650-1,658 cm™), B-sheet (1,620
1,640cm™"and 1,670-1,690 cm™"), B-turn (1,660-1,680 cm™), and
random coil (1,640-1,650 cm™") structures [Nguyen et al., 2026)].
Fitting parameters were constrained within reasonable band-
width limits (typically 10-30 cm™), and iterative optimization
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was conducted until satisfactory fitting quality was achieved
(R>>0.99). The relative proportion of each secondary structural
element was calculated from the integrated area of individual
peaks and expressed as a percentage of the total amide | band
area [Yang etal, 2015].

® Determination of volatile organic compounds by
headspace solid-phase microextraction coupled with gas
chromatography-mass spectrometry
Volatile organic compound profiles of lyophilised yoghurt al-
ternative samples were analysed using a Nexis GC-2030 gas
chromatography-mass spectrometry (GC-MS) system (Shimadzu
Corporation, Kyoto, Japan) equipped with a DB-5MS capillary
column (30 m x 0.25 mm x 0.25 um) and coupled to an HS-20NX
headspace sampler. Briefly, 1.0 g of each sample was placed in
a 20 mL headspace glass vial, followed by the addition of 2 uL
of the internal standard, 2-methyl-3-heptanone (Sigma-Aldrich,
St. Louis, MO, USA). A 50/30 um divinylbenzene/carboxen/poly-
dimethylsiloxane (DVB/CAR/PDMS) fiber was used for extraction
at 60°C for 30 min. After extraction and introduction of the
headspace sample into the GC-MS system, the oven temperature
programme was set as follows: initial heating to 40°C for 3 min,
followed by an increase to 60°C at 10°C/min, then to 150°C at
3°C/min, and subsequently to 250°C at 20°C/min, where it was
held for 5 min. Helium was used as a carrier gas at a flow rate of
1.0 mL/min, with a split ratio of 15:1. Mass spectra were acquired
in a scan mode over an m/z range of 10-500. Volatile organic
compounds were identified by comparison with the NIST 14L
mass spectral library and semi-quantified using the internal
standard, with results expressed as relative percentages (%) of
the total detected volatile compounds.

m  Statistical analysis

All experiments were performed using independent biological
replicates, and each measurement was conducted in technical
triplicate. Data are presented as mean and standard deviation.
Normality of the data distribution was assessed using the Sha-
piro-Wilk test, and homogeneity of variances was evaluated
using Levene’s test. Differences among yoghurt variants were
determined by one-way analysis of variance (ANOVA), followed
by Tukey's post hoc test where appropriate. Statistical signifi-
cance was established at p<0.05.

RESULTS AND DISCUSSION

u Changes in pH, total titratable acidity, and surface
morphology during soybean yoghurt alternative
production

Coagulation of soybean yoghurt alternative proteins is governed

by microbial activity, acidification, and enzymatic interactions.

Fermentation of soybean water slurry with L. brevis and S. cer-

evisiae was monitored over a 16-h period, with changes in pH

and total titratable acidity presented in Figure 1. During the

initial 5 h of fermentation, pH values remained relatively stable

(6.12-6.29), indicating limited metabolic activity. Between the
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Figure 1. Changes in pH and total titratable acidity during soybean yoghurt alternative production by fermentation at 37°C using different cultures. LB_3, LB_4,
LB_5:fermentation with Levilactobacillus brevis QD-1 with densities of 10°,10%, 10° CFU/mL, respectively (A-C). LB+S_3, LB+S_4, LB+S_5: fermentation with a mixed
culture of L. brevis and Saccharomyces cerevisiae (1:1, based on CFU counts) with densities of 10%, 104, 10° CFU/mL, respectively (D-F).
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6th and 10th h, a pronounced decline in pH was observed as
a result of lactic acid accumulation (increase in total titratable
acidity), with visible coagulation occurring at approximately 9
h, when pH reached 5.12-5.68. This observation is consistent
with previous reports demonstrating that acidification reduces
the net negative charge of soy proteins, thereby facilitating
protein coagulation [Xu et al, 2019]. As pH decreases further,
protein solubility diminishes, promoting the formation of larger
aggregates and a denser gel network, which may lead to surface
cracking [Rui et al, 2019]. In agreement with this mechanism,
surface cracks were observed after 10-11 h of fermentation in all
samples (Figure 2), suggesting that a fermentation duration of
9 h represents an optimal time for soybean yoghurt alternative
production using L. brevis and S. cerevisiae.

It should be noted that the present study was primarily
designed to provide an initial evaluation of the interactive
effects between L. brevis and S. cerevisiae on soybean yoghurt
alternative quality. Accordingly, the 1:1 inoculation ratio was
employed as a balanced co-culture configuration to examine
strain interactions under comparable initial cell densities. The
incubation temperature of 37°C was selected based on the
well-established performance of L. brevis in yoghurt-type fer-
mentations [Nguyen et al,, 2025]. However, both incubation
temperature and inoculation ratio may influence co-fermen-
tation dynamics between the two strains. Therefore, further
studies are necessary to optimise temperature and inoculation
ratio, combined with growth kinetic analysis, to gain deeper

- 00000t
e

lé'

Fermentation time (h)

Figure 2. Surface morphology of the soybean yoghurt alternative during 16-h fermentation at 37°C using different cultures. LB_3, LB_4, LB_5: fermentation
with Levilactobacillus brevis QD-1 with densities of 10, 10% 10° CFU/mL, respectively. LB+S_3, LB+S_4, LB+S_5: fermentation with a mixed culture of L. brevis and
Saccharomyces cerevisiae (1:1, based on CFU counts) with densities of 10% 107, 10° CFU/mL, respectively.
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Table 1. Microbial density, exopolysaccharide content, and texture parameters of the soybean yoghurt alternative after 9-h fermentation at 37 °C using different

cultures.

L. brevis count (log CFU/mL) 6.67+0.03¢ 7.60+0.10°
S. cerevisiae count (log CFU/mL) - -
Exopolysaccharide content (mg/L) 85+8° 92+12¢
Hardness (N) 0.83+0.08¢ 1.11+0.03°
Cohesiveness 6.69+0.03¢ 7.60+0.10°
Springiness (mm) 3.88+0.13° 361+0.10°
Gumminess (N) 0.28+0.01°¢ 0.43+0.02°
Adhesiveness (mJ) 2.12+0.10° 1.83+0.06°
Water holding capacity (%) 16.042.3° 18.741.5%
Syneresis (%) 774+6.9° 70.1£3.52

8.26+0.23° 6.59+0.20¢ 7.46%0.16° 8.50+0.29°
= 5.78+0.09 6.76+0.24° 7.75£0.16°
120+£16¢ 133+18° 201£22° 216+22°
1.22+0.10° 1.16+0.06° 1.48+0.07° 1.58+0.12°
8.26+0.23° 5.78+0.09 6.76+0.24¢ 7.75+0.16°
3.52+008 3.91+0.06° 329+0.12% 3.26+0.064
046+0.01° 0.29+0.0° 0.74+0.02° 0.77£0.04°
1.57+0.06> 2.20+0.10° 1.53£0.15¢ 1.40£0.10¢
232+38° 234+35P 33.8+39° 344+4.5°
73124 764+7.2° 708+3.5° 70.7%3.3°

Data expressed as the mean + standard deviation in the same row with different lowercase letters differs significantly at p<0.05. LB_3, LB_4, LB_5: fermentation with Levilactobacillus brevis
QD-1 with densities of 10°, 10%, 10° CFU/mL, respectively. LB+S5_3, LB+S_4, LB+S_5: fermentation with a mixed culture of L. brevis and Saccharomyces cerevisiae (1:1, based on CFU counts)

with densities of 10%, 10, 10° CFU/mL, respectively.

insight into each strain’s contribution to fermentation perfor-
mance and product quality.

B Microbial density of the soybean yoghurt alternative
Yeasts can modulate LAB populations through both synergistic
and antagonistic interactions. For example, L. plantarum and S. cer-
evisiae can physically attach to one another, which is known as
co-aggregation which promotes the formation of mixed-species
biofilms. This close physical association creates a stable microen-
vironment that supports higher bacterial density [Furukawa et al,,
2011]. Conversely, competition for nutrients may suppress LAB
growth, as demonstrated by reductions in L. fermentum popula-
tions and acid production in the presence of S. cerevisiae [Gu et
al, 2022]. In addition, ethanol produced by yeasts may impose
osmotic and environmental stress, leading to reduced growth of
certain LAB strains [Tiukova et al, 2014]. In the present study, the
densities of L. brevis and S. cerevisiae were assessed at the point of
soybean yoghurt alternative coagulation and were found to de-
pend on the initial inoculum size (Table 1). Notably, no significant
differences were observed in L. brevis cell density between the LB
and LB+S samples at equivalentinoculation levels, indicating that
the presence of S. cerevisiae did not adversely affect the growth of
L. brevis under the conditions tested.

u Texture profile, water-holding capacity, and
exopolysaccharide content of the soybean yoghurt
alternative

The textural attributes of yoghurt are critical determinants of

consumer acceptability, particularly for plant-based dairy alter-

natives. In the present study, results of texture profile analysis
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demonstrated that the soybean yoghurt alternative produced
using a co-culture of L. brevis and S. cerevisiae exhibited sig-
nificantly enhanced mechanical properties compared with the
yoghurt soybean substrate fermented using L. brevis alone (Ta-
ble 1). The LB+S_4 and LB+S_5 samples, inoculated at higher
microbial densities (10* and 10° CFU/mL), recorded the highest
values of selected textural parameters. These improvements were
associated with elevated EPS content (201-216 mg/L), which
corresponded to increased hardness (1.48-1.58 N) and gummi-
ness (0.74-0.77 N) (Table 1). These findings are consistent with
conclusions from previous studies indicating that EPS produced
by lactic acid bacteria play an essential role in yoghurt structure
by contributing to the formation of a dense protein-EPS network
that enhances gel firmness and water retention [Akar, 2022; Brils
etal, 2024]. Notably, the co-cultivation with S. cerevisiae resulted
in higher EPS levels at comparable L. brevis cell densities (Table 1).
This observation aligns with the findings of Bertsch et al. [2019]
who reported a 39-49% increase in EPS yield when L. rhamnosus
strains (ATCC 9595, R0011, and RW-9595M) were co-cultured
with S. cerevisiae. The higher gumminess of the co-cultured
samples than of the monoculture treatments is consistent with
the findings of Huang et al. [2020], who reported that the co-
fermentation of LABs and Kluyveromyces marxianus improved gel
integrity and functional textural properties of goat milk. However,
springiness was slightly reduced in the high-density co-culture
samples (LB+S_4 and LB+S_5), and similar decreasing trends
were observed for cohesiveness and adhesiveness (Table 1),
indicating that although the gel matrix became denser and
mechanically stronger, its elastic recovery after deformation was
partially diminished. In addition, cohesiveness in the co-culture
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samples was not higher than in the corresponding monoculture
samples at the same inoculation densities, suggesting that EPS
enhancement may improve gel firmness and gumminess with-
out necessarily increasing internal structural resilience. A similar
phenomenon was described by Brils et al. [2024], where elevated
EPS levels contributed to the formation of a more compact and
less elastic gel structure of yoghurt. Collectively, these findings
suggest that EPS enhancement may strengthen gel structure
but does not necessarily increase elasticity. Although previous
studies have proposed that yeast may stimulate EPS production
through interspecies metabolic interactions, such as growth
factor provision or metabolite cross-feeding [Xu et al,, 2025],
these mechanisms were not directly examined in the present
study. Therefore, further investigations incorporating quantitative
analyses of yeast growth dynamics, metabolite exchange, and
transcriptional regulation of EPS-related genes are necessary
to elucidate the underlying mechanisms governing LAB-yeast
interactions in fermentation during soybean yoghurt alternative
production.

The enhanced WHC determined in the co-culture samples
(Table 1) can be largely attributed to increased EPS production,
which promotes the formation of a more robust gel matrix with
a finer pore structure capable of retaining greater amounts of
water. This interpretation is consistent with the findings of Li et
al.[2014], who reported that EPS-producing Lactobacillus strains
significantly improved the WHC of fermented soymilk. Similarly,
Brils etal. [2024] demonstrated that elevated EPS levels were as-
sociated with areduced pore size and strengthened protein-EPS
interactions, thereby enhancing water retention within the gel
network. Despite the increase in WHC, syneresis values remained
statistically comparable in all samples (70.1-77.4%), with no sig-
nificant differences (p>0.05) observed between mono-cultured
and co-cultured samples (Table 1). This finding suggests that
WHC and syneresis represent distinct aspects of gel behaviour:
WHC reflects the capacity of the gel to retain water under applied
force, whereas syneresis describes the gradual expulsion of whey
under static conditions, which is more strongly influenced by gel
elasticity and long-term structural stability. Moreover, although
the co-cultured samples exhibited higher EPS levels, structural
rearrangements within the protein matrix during storage may
still have permitted water migration.

Overall, the co-fermentation of L. brevis and S. cerevisiae
resulted in significant improvements in the textural quality of
the soybean yoghurt alternative, which was largely attributable
to enhanced EPS production. These findings indicate that co-
cultivation may represent a promising approach for improving
the structural integrity and sensory acceptability of plant-based
yoghurt alternatives.

u  Protein profile of the soybean yoghurt alternative

Two major storage soybean proteins are glycinin and
B-conglycinin. The 3-conglycinin fraction comprises three subu-
nits, namely: a (67 kDa), a'(71 kDa), and {3 (45-50 kDa) [Picariello
et al, 2013], whereas glycinin consists of acidic polypeptides
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(40-43 kDa) and basic polypeptides (~20 kDa) [Yaklich, 2001].
Both glycinin and 3-conglycinin have been reported to activate
the p38/JNK/NF-kB signalling pathway, which is associated with
inflammatory responses [Peng et al,, 2018]. These allergenic
proteins may induce hypersensitivity reactions in the skin, gas-
trointestinal tract, and respiratory system [Pi et al,, 2021]. Notably,
the {3 subunit of B-conglycinin exhibits highly stable tertiary
and secondary structures, even following heat treatment, and
is therefore relatively resistant to degradation [Pi et al, 2021].
Previous studies have demonstrated that lactic acid bacteria can
degrade the a’subunit of -conglycinin, although the extent of
hydrolysis varies among Lactobacillus species, thereby poten-
tially reducing the allergenicity of soymilk [Aguirre et al., 2014].
Accordingly, the present study examined whether fermentation
with L. brevis in combination with S. cerevisiae could reduce the
levels of these allergenic proteins.

As SDS-PAGE separations show (Figure 3), L. brevis effectively
degraded proteins with molecular weights of 70, 50, and 20 kDa,
corresponding to the a’and B subunits of B-conglycinin and
the acidic and basic fractions of glycinin, respectively. Notably,
the soybean yoghurt substrate fermented with the co-culture
of L. brevis and S. cerevisiae exhibited more pronounced degra-
dation of these protein fractions than the samples fermented
with L. brevis alone. Lactic acid bacteria have been shown to
produce proteases that hydrolyse soybean proteins into smaller
peptides and free amino acids. This enzymatic activity modifies
protein structure and contributes to changes in soybean protein
gel properties during fermentation [Kieliszek et al., 2021; Ren
& Li, 2022]. In addition, S. cerevisiae has been reported to pro-
duce growth-promoting factors that stimulate enzyme activity,
thereby enhancing the metabolic activity of lactic acid bacteria
during fermentation [Sieuwerts et al.,, 2018]. Such interactions
may generate a synergistic effect that facilitates more efficient
degradation of soy proteins. Given that 3-conglycinin is rec-
ognized as one of the principal allergenic storage proteins in
soybean, its structural modification during fermentation may
potentially contribute to a reduction in allergenic potential
[Peng et al., 2018]. Further studies incorporating targeted im-
munoreactivity or epitope-specific analyses would help clarify
whether these structural changes are associated with modified
allergenic properties.

= Changes in the protein secondary structure during
soybean yoghurt alternative production
The FTIR spectra of soybean yoghurt alternative samples re-
corded over the wavenumber range of 400-4,000 cm™" are pre-
sented in Figure 4A. Absorption bands observed in the regions
of 3,200-3,600 cm™" and 1,600-1,700 cm™' correspond to the
amide A and amide | bands of soy proteins, respectively, and were
detected in all samples. In particular, the LB_3 sample exhibited
a higher intensity of the amide A band compared to the other
samples, together with the appearance of an amide IV band in
the region of 530-610 cm™'. During fermentation, pH changes
are known to influence the hydrogen-bond strength and the
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Figure 3. Sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) separation of proteins of the soybean yoghurt alternative after 9 h of fermentation
using different cultures. LB_3, LB_4, LB_5: fermentation with Levilactobacillus brevis QD-1 with densities of 10%, 10% 10° CFU/mL, respectively. LB+S_3, LB+S_4,
LB+S_5: fermentation with a mixed culture of L. brevis and Saccharomyces cerevisiae (1:1, based on CFU counts) with densities of 10%, 10, 10° CFU/mL, respectively;
M, standard proteins; Control, unfermented soybean substrate (prior to inoculation).

interaction patterns of amide groups within protein molecules
[Liu et al, 2024]. Additionally, absorption peaks at 1,653 and
1,556 cm ™! were assigned to the stretching vibrations of carbony!
(C=0) and C-N groups, respectively, which is consistent with
observations reported in recent studies on fermented soybean
meal [Li et al,, 2024].

Subsequently, deconvolution of the amide I band in the FTIR
spectra of the soybean yoghurt alternative was performed to
compare protein secondary structures based on structural com-
ponents, including a-helix (1,650-1,658 cm™"), B-sheet (1,620-
-1,640cm"and 1,670-1,690cm™), B-turn (1,660-1,680 cm™"), and
random coil (1,640-1,650 cm™') [Nguyen et al,, 2026). As revealed
by FTIR deconvolution of the amide | band (Figure 4B), 3-sheet
was the dominant secondary structure in all soybean yoghurt
alternative samples, ranging from 42.9% to 54.4%, which is con-
sistent with the inherently 3-sheet-rich conformation of major soy
storage proteins, particularly glycinin and 3-conglycinin [Yang et
al, 2025]. In the L. brevis single-culture samples (LB), 3-sheet con-
tentincreased progressively with inoculation density, from 42.9%
(LB_3) to 54.4% (LB_5), and was accompanied by a concurrent
decrease in a-helix content from 25.3% to 12.3% (Figure 4B). This
trend suggests that higher bacterial density promotes more ex-
tensive protein unfolding and intermolecular aggregation during
fermentation, driven by accelerated acidification that destabilises
native helical conformations and promotes the formation of or-
dered intermolecular hydrogen-bonded 3-sheet networks [Liu et
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al, 2022a]. The reduction in a-helix content at higher inoculation
densities is indicative of greater disruption of the compact glob-
ular structure of soy proteins [Ai et al, 2019], which is consistent
with enhanced proteolytic activity and lower pH environments
produced by denser L. brevis populations.

In the mixed-culture samples (LB+S), the overall structural
profile was broadly similar to the single-culture counterparts,
with B-sheet remaining the predominant structure (43.3-47.8%).
However, a-helix content was generally higher in LB+S samples
compared to their LB equivalents at the same inoculation density,
most notably at the 10* CFU/mL level (LB+S_4: 28.3% vs. LB_4:
22.6%) (Figure 4B), suggesting that the co-fermentation with S.
cerevisiae partially moderates protein denaturation. This may be
attributed to the metabolic activity of S. cerevisiae, which produc-
es CO, and ethanol alongside organic acids, potentially creating a
different physicochemical environment that slows the complete
unfolding of helical domains. Furthermore, random coil content
tended to be lower in LB+S samples than in the LB samples,
implying that the mixed fermentation system maintains a more
ordered protein conformation, possibly through the combined
effect of moderate acidification and yeast-derived compounds
that interact with the protein matrix [Liu et al,, 2022b]. In turn,
B-turn content remained relatively stable (17.3-23.1%) in both
fermentation systems (Figure 4B), indicating that these struc-
tural elements, which serve as flexible connectors between
[-strands, are less sensitive to fermentation conditions than the
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Figure 4. (A) Fourier transform infrared (FTIR) spectra with focused bands of amide I and (B) secondary structure contents of protein in the soybean yoghurt
alternative after 9 h of fermentation using different cultures: LB_3, LB_4, LB_5: fermentation with Levilactobacillus brevis QD-1 with densities of 10, 10%10° CFU/mL,
respectively. LB+S_3, LB+S_4, LB+S_5: fermentation with a mixed culture of L. brevis and Saccharomyces cerevisiae (1:1, based on CFU counts) with densities of
10°%10% 10° CFU/mL, respectively.

a-helix or random coil fractions. These findings demonstrate that water-holding capacity, and digestibility of the final product.
both inoculation density and culture composition significantly The representative deconvoluted spectra and corresponding
modulate the protein conformational changes during soybean quantitative data are provided in Figure S1 and Table S1 (Sup-
yoghurtsubstrate fermentation, with implications for gel texture, plementary Materials), respectively.
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= Volatile organic compounds of the soybean yoghurt
alternative

The volatile organic compound profiles of the soybean yoghurt
produced with L. brevis QD-1 at different inoculation densities,
with and without co-cultivation with S. cerevisiae, are summarised
in Table 2. Ethanol was the predominant volatile organic com-
pound detected in all six samples, accounting for 91.02-92.83%
of the total volatile organic compounds in the LB sample and
86.87-93.51% in the LB+S sample, followed by acetic acid (4.30-
-4.65% in the LB sample and 4.76-5.42% in the LB+S samples)
and 2,3-butanediol (0.95-2.35% in the LB samples and 0.37-
-9.46% in the LB+S samples). L. brevis, as a heterofermentative
lactic acid bacterium, possesses a metabolic framework that
markedly influences the production of ethanol and acetic acid
during fermentation. Its metabolic versatility enables the utilisa-
tion of various carbohydrates, including glucose and fructose,
primarily via the phosphoketolase pathway, which underpins its
heterofermentative metabolism. This pathway yields lactic acid
alongside ethanol and acetic acid as major by-products, the
latter two potentially constraining the efficiency of lactic acid
production [Guo et al,, 2014].

However, co-cultivation with S. cerevisiae, particularly at an
inoculation density of 10° CFU/mL, markedly altered the volatile
organic compound profile of the soybean yoghurt alternative.
This shift was characterised by a smaller relative proportion of
ethanol (69.55%) alongside increased relative levels of acetic acid
(1542%), 2,3-butanediol (9.46%), and phenethyl alcohol (1.87%).
Elevated levels of polyols and aldehydes were recorder during
high-density co-fermentation, which has been attributed to the
upregulation of genes involved in carbohydrate and amino acid
metabolism [Zhu et al., 2023]. Saccharomyces species primarily
ferment sugars into ethanol and carbon dioxide and, while they
can contribute to flavour development and textural modifica-
tion, they do not substantially enhance isoflavone bioavailability
nor generate the same diversity of bioactive compounds as
LAB [Sharma et al., 2023]. The aroma profile generated during
fermentation is strongly influenced by both the amino acid
composition of the substrate and the yeast strain employed,
as distinct strains exhibit unique metabolic capacities that gov-
ern the synthesis of volatile organic compounds [Scott et al,
2021]. In particular, the availability of specific amino acids can
direct aroma formation, with methionine metabolism yielding
methionol and its acetate ester, compounds that contribute
to savoury flavour notes [Etschmann et al, 2008]. In contrast,
LAB, including L. plantarum and L. rhamnosus, are well recog-
nised for their capacity to biotransform isoflavones into more
bioavailable aglycones, such as daidzein, genistein, glycitein,
and further into metabolites with enhanced biological activity,
including equol, dihydrodaidzein, and dihydrogenistein [Langa
etal, 2023].These transformations are mediated by LAB-derived
B-glucosidase activity, which promotes the release of bound
phenolic compounds including isoflavones, thereby increasing
the bioactivity of the fermented product [Zhang et al., 2023]. In
addition, LAB contributes to the generation of bioactive peptides
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with antioxidant properties through the proteolysis of soybean
proteins, such as glycinin and 3-conglycinin, which are abundant
in germinated soymilk [Fadlillah et al,, 2025]. Comparable effects
have also been reported in kombucha fermentation systems,
where the incorporation of LAB enhanced flavour complexity
through increased production of alcohols and esters [Wang et al.,
2024]. Overall, these findings indicate that the metabolic interac-
tions between LAB and yeast can promote the formation of a
broader and more balanced volatile organic compound profile,
which is critical for improving the sensory quality of fermented
foods and beverages. However, volatile organic compounds
were analysed semi-quantitatively and expressed as relative
percentages rather than absolute concentrations; therefore, the
data reflect shifts in aroma composition rather than definitive
differences in ethanolyield. A smaller relative ethanol proportion
does not necessarily indicate reduced absolute production but
may instead result from increased synthesis of other volatiles that
affect proportional distribution. Further investigation incorporat-
ing absolute ethanol quantification, residual sugar analysis, and
CO, measurement is required to clarify the metabolic contribu-
tion of S. cerevisiae to ethanol dynamics in yoghurt fermentation
during soybean yoghurt alternative production.

CONCLUSIONS

In summary, this study demonstrates that the co-inoculation
of L. brevis QD-1 with S. cerevisiae produced a soybean-based
yoghurt alternative with improved textural properties associated
with higher EPS levels, more extensive degradation of major soy
storage proteins (3-conglycinin and glycinin), and favourable
modifications in protein secondary structure compared with the
L. brevis monoculture. Volatile profiles also showed shifts in the
relative abundances of key compounds. The viability of L. brevis
was not negatively affected by the presence of the yeast. These
outcomes indicate that S. cerevisiae can serve as a supportive co-
starter culture capable of modulating selected quality attributes
of the soy yoghurt alternative produced by L. brevis-fermentation,
where acidification and primary gel formation are driven by the
lactic acid bacterium. The study results support the potential
of this co-culture strategy for the development of high-quality
vegan yoghurt alternatives. However, further studies are needed
to clarify the respective contributions of each strain, optimise
fermentation conditions, and evaluate sensory properties and
consumer acceptability. Such work will help to better define the
potential of LAB—yeast co-fermentation for developing plant-
based yoghurt alternatives.

SUPPLEMENTARY MATERIALS

The following are available online at https://journal.pan.olsz-
tyn.pl/Development-of-a-Vegan-Soybean-Based-Yoghurt-
Alternative-Using-Levilactobacillus,220155,0,2.html; Table
S1.Relative content of secondary structures of protein in soybean
yoghurt alternative after 9-h fermentation at 37°C by using differ-
ent cultures. Figure S1. Deconvolutionized spectra of soybean
yoghurt alternative after 9 h of fermentation using various starter
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cultures. LB_3, LB_4, LB_5: fermentation with Levilactobacillus
brevis QD-1 with densities of 10%, 10%, 10° CFU/mL, respectively
(A=C). LB+S_3, LB+S_4, LB+S_5: fermentation with a mixed cul-
ture of L. brevis and Saccharomyces cerevisiae (1:1, based on CFU
counts) with densities of 10, 10%,10° CFU/mL, respectively (D-E).
Red and purple curves represent 3-sheet (1,620-1,640 cm™' and
1,670-1,695 cm™"), green curve represents random coil (1,640
1,650 cm™"), blue curve represents a-helix (1,650-1,658 cm™),
and cyan curve represents B-turn (1,660-1,680 cm™); black and
yellow curves represent the original and fitted ones obtained
from FTIR data of Amide | region, respectively.
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Harnessing Vegetable Oils for 3-Carotene Extraction
from Moringa oleifera Lam. Leaves and Feasibility
of Their Microencapsulation
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Moringa oleifera Lam. leaves are known for their high carotenoid content; however, these bioactive compounds are highly
susceptible to degradation under conditions of light exposure, oxygen contact, or high temperatures, resulting in a reduction
in their functional effectiveness. Microencapsulation offers a promising method to protect these sensitive molecules. This stu-
dy investigated the potential of edible vegetable oils as sustainable solvents for 3-carotene extraction from M. oleifera leaves
and evaluated the efficiency of their encapsulation. The extraction process was optimized using a D-optimal experimental
design, focusing on variables such as oil ratio, temperature, and duration, with sunflower and corn oils as solvents. Optimal
extraction was achieved using sunflower oil at 70°C for 10 min, yielding 51.92 mg of B-carotene/100 g oil, closely matching
the predicted value (52.96 mg/100 g). The extract with the highest 3-carotene content was microencapsulated through spray-
-drying, using maltodextrin and gum Arabic as wall materials. A 1:1 (w/w) wall material ratio resulted in microcapsules with
the highest encapsulation efficiency (0.74), average particle size of 7.98 um, low moisture content (3.02 g/100 g), and water
activity values of 0.11, indicating enhanced stability. These findings highlight sunflower oil as an effective and sustainable
solvent for carotenoid extraction, while spray-drying with optimized wall material ratios improves the physicochemical stability
and handling properties of 3-carotene microcapsules.

Keywords: emulsion, encapsulation efficiency, particle morphology, spray-drying

ABBREVIATIONS

ANOVA, analysis of variance; CLSM, confocal laser scanning
microscopy; CO, corn oil; DE, dextrose equivalent; EE, encapsu-
lation efficiency; ESI, emulsion stability index; GU, gum Arabic;
MD, maltodextrin; PDI, polydispersity index; SEM, scanning
electron microscopy; SFO, sunflower oil; Tg, glass transition
temperature.

INTRODUCTION

Moringa oleifera Lam. is an indigenous plant of Indian origin,
widely recognized for its nutritional richness and medicinal appli-
cations in traditional healthcare systems [Sonewane et al., 2022].
Its foliage is particularly abundant in 3-carotene and vitamin C,
being key contributors to its antioxidant capacity, as well as
in B-group vitamins, minerals (calcium, potassium, and iron),
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and proteins [Islam et al,, 2021]. The health-promoting proper-
ties of M. oleifera leaves, due to the bioactive compounds they
contain, have recently gained attention, and their potential ap-
plications include the prevention of chronic diseases such as
cancer, hypertension, cardiovascular dysfunctions, vision-related
problems, and tissue repair [Jikah & Edo, 2023].

In food systems, 3-carotene plays a dual role, acting both
as a coloring agent and as an antioxidant. Its intake has been
associated with positive health effects, mainly due to its pro-
vitamin A activity and its recognized antioxidative properties
[Rodriguez-Amaya, 2016]. M. oleifera leaves have been reported
to contain significant level of carotenoids, including 3-carotene,
lutein, zeaxanthin, and luteoxanthin with 3-carotene being one
of the major compounds [Saini et al,, 2014], with contents rang-
ing from approximately 11.86 to 23.15 mg/100 g, depending
on plant cultivar.

Plant-derived bioactive compounds are generally extracted
using solvents of varying polarities. Common polar solvents
include ethanol, methanol, and isopropanol, while non-polar
alternatives, such as acetone and hexane, are also employed [Tak
etal., 2022]. However, many of these solvents are toxic and must
be completely removed from the extract, which increases pro-
cess complexity and generates additional costs. In contrast,
food-grade vegetable oils present a safer and more sustainable
extraction option, especially for non-polar compounds like carot-
enoids [Baria et al,, 2019; Chutia & Mahanta, 2021]. These oils are
not only safe for consumption but also do not require removal,
streamlining the process, offering an alternative to conventional
organic solvents while facilitating direct incorporation into food
formulations. Vegetable oils, such as sunflower and corn oils,
have demonstrated potential for carotenoid extraction Their
compositional differences influence their capacity to solubilize
lipophilic compounds, such as carotenoids [Plazola-Jacinto et
al, 2019]. Corn oil contains a higher percentage of saturated
fatty acids (~12% of total fatty acids) than sunflower oil (~10%)
[Cherif & Slama, 2022]; and this difference may affect 3-carotene
extraction efficiency. However, the overall extraction efficiency
also depends on processing conditions [Portillo-Lépez et al,,
2021]. Nevertheless, carotenoids are highly susceptible to degra-
dation caused by exposure to heat, light, and oxygen, which can
significantly reduce their functional efficacy [Rodriguez-Amaya,
2016]. To mitigate these effects, microencapsulation has been
widely applied as an effective strategy to improve the stability
and bioavailability of carotenoids [Drosou & Krokida, 2024; Lavelli
& Sereikaité, 2022; Menegazzi et al,, 2020].

Spray-drying is widely regarded as a reliable technique
for microencapsulating heat-sensitive bioactive compounds
[Gharsallaoui et al., 2007]. It typically involves the creation of an
emulsion by mixing the bioactive extract with wall materials,
followed by atomization into fine droplets, drying via hot air ex-
posure, and collection of the resulting powder. The final product
is usually characterized by low moisture, high stability, and ease
of handling and storage. Spray-drying is widely used to produce
powdered (3-carotene with enhanced stability [Drosou & Krokida,
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2024; Gharsallaoui et al., 2007; Meng et al,, 2024]. Compared with
other drying methods, such as freeze-drying and hot air drying,
spray-drying has been reported to provide improved resistance
to photooxidative degradation, highlighting its industrial rele-
vance for functional foods and supplements [Drosou & Krokida,
2024]. Maltodextrin (MD) and gum Arabic (GU) matrices have
demonstrated good performance as carrier materials to enhance
the stability of oils and their bioactive compounds during storage
due to their emulsifying capacity [Comunian & Favaro-Trindade,
2016]. Composite wall materials, such as pullulan and whey pro-
teinisolate, are also used, which improve encapsulation efficien-
cy compared to single-component wall materials and enhance
the protection of -carotene against oxidation and degradation
during storage [Drosou & Krokida, 2024].

Previous studies have largely addressed oil-based extraction
and spray-drying encapsulation as independent processes, with
limited attention given to their integration within a single food-
-grade processing strategy. In particular, the combined influence
of extraction conditions, emulsion properties, and wall-material
composition on the physicochemical and functional perfor-
mance of oil-based carotenoid microcapsules remains insuffi-
ciently explored. Therefore, this study proposes an integrated
extraction—encapsulation approach using sunflower and corn
oils as edible extraction media together with tailored MD-GU
formulations as wall material. By linking extraction optimization,
emulsion stability characterization, and multiscale evaluation
of microcapsule structure and functionality, the present work
aims to clarify how formulation and processing parameters col-
lectively influence the stability and performance of oil-based
[3-carotenoid microcapsules.

MATERIALS AND METHODS

= Raw materials

M. oleifera leaves were obtained from the research facility CEPRO-
BI-IPN located in Yautepec, Mexico. The dried leaves were ground
toafine powder and passed through a 0.425 mm sieve to ensure
uniformity. Although the leaves were dried, the powder was
stored under freezing conditions to minimize potential degrada-
tion of carotenoids and other heat- and light-sensitive bioactive
compounds, ensuring sample stability until experimentation.
Commercial sunflower oil (Abreiko brand) and corn oil (Mazola
brand) were purchased in the State of Mexico. Maltodextrin (MD)
with a dextrose equivalent (DE) of 20 was sourced from Grain
Processing Corporation (Muscatine, 1A, USA), and gum Arabic
(GU) was obtained from Sigma-Aldrich (Darmstadt, Germany).

= B-Carotene extraction

[-Carotene was extracted from powdered M. oleifera leaves
using corn and sunflower oils as solvents, following previously
reported green extraction method [Sachindra & Mahendrakar,
2005] with slight modifications. For each extraction, 15 g of pow-
dered M. oleifera leaves were mixed with 30 mL of the corn oil
(CO) and sunflower oil (SFO) blend as a solvent, corresponding
to a leaf-to-solvent ratio of 1:2 (w/v). Blends with different oil
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proportions were used. The mixture was agitated at 100 rpm
under different temperature and time conditions according to
the experimental design.

-Carotene was quantified using the spectrophotometric
method developed by Nagata & Yamashita [1992] with some
modifications. Oil samples (0.1 mL) were dissolved in 10 mL of hex-
ane, and absorbance was measured at 663 nm (Ags3), 505 NM (Asgs),
and 453 nm (Ays3) using a spectrophotometer (Thermo Electron
BioMate 3, Thermo Electron Corporation, Waltham, MA, USA).
The B-carotene content was calculated according to Equation (1),
and results were expressed as mg of 3-carotene per 100 g of oil:
R-Carotene = 0.216 Aggs — 0.304 Asgs + 0.452 Ayss m

D-optimal experimental design was employed to evaluate
the combined effects of extraction time, temperature, and oil
blend formulation on (3-carotene content using Design-Expert
software (version 11, Stat-Ease Inc,, Minneapolis, MN, USA). Time
(5, 10, and 30 min) and temperature (30, 60, and 70°C) were
treated as numeric process factors, whereas oil proportion (CO
to SFO ratios of 1.0, 0:1, 1:1, 1:2, and 2:1 w/w) was considered
aformulation (mixture) variable. The levels of the variables, time
and temperature, were selected based on previously reported
conditions for carotenoid extraction using vegetable oils [Baria
etal, 2019; Sachindra & Mahendrakar, 2005]. Experimental runs
were selected according to the D-optimality criterion to ef-
ficiently explore the experimental space while reducing the to-
tal number of experiments. A total of 34 extraction runs were
performed (Table 1).

=  Formulation of emulsion systems

Emulsions were formulated according to the procedure de-
scribed by Plazola-Jacinto et al.[2019]. MD and GU blends (10 g of
total solids) were dispersed in 100 mL of distilled water at MD to
GU ratios of 2:1, 1:1,and 1:2 (w/w), and the mixtures were stored
at 4°C overnight to ensure complete hydration. Subsequent-
ly, the oil extract obtained from M. oleifera leaf powder under
optimized conditions (sunflower oil as a solvent, 70°C, 10 min)
was incorporated at a 1:4 (w/w, oil extract to wall materials)
proportion and homogenized at 11,000 rpm for 5 min using
a homogenizer (Ultra-Turrax M45, IKA-Werke GmbH & Co. KG,
Baden-Wirttemberg, Germany).

= Emulsion stability assessment

Emulsion stability was assessed using a Turbiscan Lab Expert
(Microtrac Formulaction SAS, Toulouse, France) within 4 h at 25°C.
Emulsion samples (40 mm in height) were scanned using an
850 nm infrared source. Backscattering and transmission profiles
were recorded at 45° and 180°, respectively, to monitor spatial
and temporal variations in the dispersion [Lopez-Herndndez et
al, 2022].
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Table 1. Experimental design employed for 3-carotene extraction from Moringa
oleiferaLam. leaf powder using the blends of corn oil (CO) and sunflower oil (SFO).

e Temperature CO to SFO
(°C) proportion (w/w)

2 10 60 2:1
3 10 60 11
4 5 70 21
5 5 60 2
6 30 60 1:0
7 10 30 2:1
8 30 70 21
9 10 70 1:0
10 30 30 11
11 10 70 0:1
12 30 70 1:0
13 10 70 1:2
14 5 30 0:1
15 30 70 0:1
16 10 30 11
17 10 30 1:0
18 30 30 2:1
19 5 70 1:0
20 5 30 11
21 5 60 10
22 5 60 0:1
23 30 60 2:1
24 5 60 11
25 10 70 1:1
26 10 60 0:1
27 30 30 0:1
28 30 30 1:2
29 30 60 1:2
30 5 70 0:1
31 10 70 11
32 5 70 11
33 5 30 1.0
34 10 60 1:2
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= Droplet size and zeta potential analysis

Emulsions were diluted at 1:1,000 (v/V) with deionized water
and analyzed for droplet size, polydispersity index (PDI), and zeta
potential ((-potential) using a Zetasizer NANO-S90 analyzer (Mal-
vern Panalytical Instruments Ltd., Malvern, UK). Measurements
were performed by dynamic light scattering for particle size
and PDI, and by laser Doppler electrophoresis for (-potential.
The PDIwas obtained from the cumulant analysis of the intensity
autocorrelation function generated by the instrument software.

= Apparent viscosity measurement

Apparent viscosity was measured at room temperature using an
RST CC rheometer (Brookfield Engineering Labs Inc., Middleboro,
MA, USA) equipped with a coaxial cylinder geometry. A shear
rate range from 1 to 1,000 s~ was used to evaluate the flow
behavior of the emulsions.

= Spray-drying process

Spray-drying of the emulsions was carried out in a Mobile Minor
2000 pilot-scale unit (GEA Niro, Seborg, Denmark). The emulsions
were fed at 7.0 mL/min using a Watson-Marlow 520S pump (Wat-
son-Marlow Fluid Technology Solutions, Falmouth, UK) and dried
under co-current airflow with inlet and outlet temperatures
of 180°C and 80°C, respectively. The atomization pressure was set
at 100 kPa. The powders produced were transferred into sealed
plastic bags and stored until further evaluation.

= Encapsulation efficiency

Encapsulation efficiency (EE) was calculated with Equation (2), as
the proportion of surface oil (S,) to total oil (T,) present in the mi-
crocapsules. Total oil was extracted using the Soxhlet method
with n-hexane, whereas surface oil was determined by mixing 2 g
of microcapsules with 10 mL of acetone for 5 min, centrifuging
at 1,600xg for 15 min, and evaporating the solvent to measure
the oil content [Di Giorgio et al., 2019]:

EE = (To = So)/To

= Particle morphology
Approximately 1,500 microcapsules per sample were analyzed us-
ing a CILAS 1090 particle size and shape analyzer (CILAS, Orléans,
France) equipped with an integrated optical imaging system. For
the analysis, a small amount of microcapsule powder was gently
dispersed onto a glass slide and spread using a fine brush to
ensure adequate separation of individual particles and to mini-
mize aggregation. Images were acquired at 20x magnification
and analyzed using Expert Shape software (CILAS). The evaluated
morphological parameters included particle size (um), circularity,
aspect ratio, sphericity, and kurtosis, as defined by the software.

= Analysis of surface microstructure via scanning
electron microscopy

Scanning electron microscopy (SEM) imaging was performed

using a Carl Zeiss EVO LS 10 microscope (Carl Zeiss Microscopy
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GmbH, Jena, Germany) equipped with a backscattered electron
detector. Prior to observation, the microcapsule samples were
sputter-coated with a thin layer of gold to improve surface con-
ductivity and image resolution. Microcapsules were examined at
magnifications of 500x and 1,000 using accelerating voltages
of 15 and 25 kV.

u  Component localization via confocal laser scanning
microscopy

The internal distribution of core and wall components was ana-
lyzed by means of a Zeiss LSM 800 confocal laser scanning micro-
scope (Carl Zeiss Microscopy GmbH, Jena, Germany). A 375 nm
diode laser was used for excitation, and emissions were detected
at 488 nm (green) and 640 nm (red). The resulting images were
processed and reconstructed in 3D using ZEN software (Carl
Zeiss Microscopy GmbH).

= Determination of physicochemical and functional
characteristics

Gravimetric analysis at 105°C (1-g sample) was used to deter-
mine moisture content of microcapsule powders [AOAC, 1995],
while water activity (a,) was measured at 25°C with an Aqualab
4TE device (Addium, Inc,, Pullman, WA, USA). Hygroscopicity
was evaluated by storing 1 g of the powder in a 75% relative
humidity (RH) NaCl-saturated chamber at 25°C for one week.
The results were expressed as g of adsorbed water per 100 g
of dry sample (g H,O/100 g) and calculated from the weight
gain of the powder after storage. Bulk and tapped densities were
determined using 2 g of the powder before and after 100 tapping
cycles, respectively, and were calculated as the ratio between
the sample mass and the corresponding bulk or tapped volume
(g/mL). The Hausner ratio (tapped/bulk density) was used to
assess powder flowability. Solubility and dissolution behavior
were evaluated by monitoring absorbance changes over time
using aThermo Electron BioMate 3 spectrophotometer (Thermo
Electron Corporation) at 620 nm. Briefly, 30 mg of the powder
were dispersed in 3 mL of distilled water, and absorbance was
recorded at predetermined time intervals. Dissolution profiles
were constructed by plotting absorbance at 620 nm (Agy) as
a function of time, following the methodology described by
Plazola-Jacinto et al. [2019].

= Glass transition temperature

A DSC Q-2000 differential scanning calorimeter (TA Instruments-
Waters LLC, New Castle, Delaware, USA) was used to measure
glass transition temperature (T,). Approximately 10 mg of the mi-
crocapsule sample were sealed in aluminum pans and scanned
between —20°C and 150°C at 10°C/min. Data analysis was per-
formed using Orchestrator v.7.2.0.4 software (TA Instruments,
New Castle, DE, USA).

m Statistical analysis
Experimental data obtained from the extraction design were
analyzed using Design-Expert version 11 (Stat-Ease Inc.) via
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regression modelling and multifactor analysis of variance (ANO-
VA) to assess the significance of the process variables within
the D-optimal experimental design. Model adequacy was as-
sessed using F-values, p-values, coefficients of determination
(R* and adjusted R?), and adequate precision. Experiments were
performed in triplicate, and results were expressed as mean
and standard deviation (SD). One-way ANOVA followed by Tuk-
ey's test (95% confidence level) was applied only for comparison
of physicochemical properties of the selected microcapsule
formulations using GraphPad Prism v.5.0 (GraphPad Software
Inc, San Diego, CA, USA).

RESULTS AND DISCUSSION

u (B-Carotene extraction

The B-carotene content in the blends of corn and sunflower
oils used as solvents for its extraction from powdered M. oleif-
era leaves varied depending on the ratios of oils in the blend
(Figure 1). A higher content of sunflower oil in the mixture
corresponded to greater 3-carotene yields. This finding may be
attributed to the fatty acid composition, particularly the content
of unsaturated fatty acids in the oils. According to the Unit-
ed States Department of Agriculture (USDA) data, the content
of polyunsaturated fatty acids in sunflower oil is higher (@about
65.789/100 g) than in corn oil (60 g/100 g) [USDA, 20191. In turn,
Baria et al. [2019] reported that a higher lipid unsaturation en-
hances the solubility of carotenoids. Solvent viscosity also plays
a key role in the extraction process. Lower viscosity promotes
better penetration of the solventinto the plant tissue, improving
the release of target compounds [Silva et al,, 2021]. In this study,
sunflower oil exhibited a lower viscosity (26.3+0.8 mPaxs) than
cornoil (33.2+1.2 mPaxs), which likely contributed to its superior
extraction performance.

Temperature and time were also critical factors in 3-carotene
extraction from M. oleifera leaf powder using oil blends (Figure 1).
Higher extraction temperatures led to increased (-carotene
recovery in all oil combinations. This can be explained by im-
proved solute-solvent interaction due to reduced oil viscosity
and enhanced diffusion rates at elevated temperatures [Chutia &
Mahanta, 2021].In turn, increasing the extraction time from 5 to
10 min significantly boosted 3-carotene content in the oils, likely
due to extended contact time between the solvent and plant
matrix. However, extending extraction beyond 10 min did not
lead to furtherimprovements, which suggests that a short extrac-
tion time is sufficient and potentially advantageous in maintain-
ing compound stability and simplifying the process.

The experimental data were modelled using a two-factor
interaction (2Fl) model to evaluate the effects of extraction
time (A), temperature (B), and oil ratio (C) on carotenoid recov-
ery. The model included the main effects of all factors and their
two-way interactions and was fitted using the least squares
method. No transformation of the response variable was re-
quired. Several mathematical models were evaluated to describe
the experimental responses, and the inverse square root model
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provided the best fit according to ANOVA (Table 2). The selected
model was statistically significant (p<0.05) and exhibited a coef-
ficient of determination (R?) of 0.8973, indicating good agree-
ment between predicted and experimental values. The results
of the lack-of-fit test were non-significant (p>0.05), confirming
the adequacy of the model. The ANOVA results showed that all
three factors, including oil ratio (C), had a significant effect on
[3-carotene extraction (p<0.05). However, a simplified regression
equation including only the most influential continuous variables
is presented for clarity and visualization purposes (Equation 3):
Y =34.0556 - 11.702 A+ 6.1678 B (3)
where: A corresponds to extraction time and B to temperature.

The model predicted optimal extraction conditions of 70°C,
10 min, and sunflower oil. Under these conditions, the predicted
carotenoid content (52.96 mg/100 g oil) was in close agreement
with the experimental value (51.92+1.3 mg/100 g oil), confirming
the reliability and predictive capability of the proposed model.
These findings demonstrate that the inverse square root model
effectively describes the kinetics of carotenoid extraction under
the evaluated parameters.

Comparable studies on the optimization of carotenoid ex-
traction using multifactor experimental designs have reported
similar time and temperature ranges as critical variables influenc-
ing yield [Chutia & Mahanta, 2021; Rodriguez-Amaya, 2016]. For
example, optimization studies on carotenoid extraction using
edible oils as solvents have identified moderate temperatures
and extraction times as key factors influencing extraction effi-
ciency [Sachindra & Mahendrakar, 2005], showing trends com-
parable to those observed in the present study.

= Emulsion characteristics
Maintaining emulsion stability is essential for efficient encapsula-
tion, particularly when using spray-drying. Fine and uniformly
distributed droplets help minimize coalescence and aggregation,
thus preserving the structural integrity of the emulsion [Guo et
al., 2024].1n our study, an increase in GU content in the emulsion
led to smaller droplet sizes (Table 3). This reduction in droplet
size can be attributed to the good emulsifying properties of GU,
which enhanced interfacial adsorption and reduced interfa-
cial tension during homogenization, facilitating the formation
of smaller droplets. The smallest average droplet size (1.07 um)
was observed at a 1:1 (w/Ww) ratio of MD to GU. This behavior
suggests a balance between the emulsifying capacity of GU
and the viscosity contribution of MD, which together promoted
efficient droplet disruption during homogenization. At higher
GU proportion, changes in the continuous phase properties, in-
cluding viscosity and interfacial dynamics, may diminish the effi-
ciency of droplet breakup, resulting in slightly larger droplet sizes.
The polydispersity index (PDI) and zeta potential ((-potential)
values are presented in Table 3. A decrease in PDI was observed
with anincreasing GU content, indicating improved droplet size
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Table 2. Results of the analysis of variance for regression modelling
of B-carotene extraction from Moringa oleifera Lam. leaf powder using
the blends of corn oil and sunflower oil.

Mean
F-value p-Value
square

Model 8 0.0045 12.29 0.0001
A 2 0.0031 843 0.0016
B 2 0.0099 27.21 0.0001
C 4 0.0024 6.76 0.0008
Residual 25

Corrected total 33

R? 0.8973

Adjusted R? 0.8324

CV (%) 949

Standard deviation 0.0198

Adequate accuracy 132

dF, Degrees of freedom; CV, coefficient of variation; A, time; B, temperature; C, proportion
of corn and sunflower oils in the blend.

uniformity. At the same time, the (-potential values became
more negative, suggesting enhanced electrostatic repulsion
between droplets. These results indicate that increasing GU
content improved emulsion stability by reducing droplet ag-
gregation through electrostatic stabilization. The PDI reflected
improved uniformity with increasing GU content, because
the addition of this wall material enhanced the negative sur-
face charge, further preventing droplet aggregation [Jayme et
al.,, 1999]. These observations are consistent with findings by
Premi & Sharma [2017], who reported more negative (-potential
values with an increasing gum Arabic (GU) content in emul-
sions. Additionally, all samples in the present study exhibited
(-potential values lower than =30 mV (Table 3), indicating
sufficient electrostatic repulsion to ensure physical stability
of the emulsions [McClements, 2005].

A significant (p<0.05) increase in apparent viscosity was
observed with increasing GU content in the emulsion (Table 3),
which can be attributed to its high molecular weight and the re-
sulting enhancement of the continuous phase viscosity. Higher
viscosity may reduce droplet mobility and collision frequency,
thereby contributing to improved physical stability of the emul-
sion. This effect has been widely reported in food emulsions,
where increased viscosity of the continuous phase limited floc-
culation and coalescence [McClements, 2005].

The physical stability of the emulsions was evaluated using
backscattering profiles (Figure 2). Higher proportions of GU
in the emulsions led to minimal temporal changes in backscat-
tering, suggesting a reduced tendency toward creaming (i.e,
the upward migration of oil droplets due to density differences)
or phase separation. Thus, increasing GU content appeared to
enhance emulsion stability, likely due to better steric and electro-
static stabilization. However, a balance between MD and GU was
critical foremulsion properties and encapsulation performance.
A 1:1 (w/w) ratio produced the smallest droplet size and im-
proved size distribution (Table 3), indicating more efficient drop-
let disruption during homogenization. This formulation also
showed the highest encapsulation efficiency (0.74) (discussed
in the subsection below), meaning better retention of -carotene
infinal microcapsules. These findings underscore the importance
of optimizing wall material composition to achieve favorable
emulsion properties and enhance encapsulation efficiency.

Based on the results, the MD to GU ratio of 1:1 (w/w) yielded
the most stable emulsion under the studied conditions. This
formulation may be particularly relevant for the encapsulation
of sensitive bioactive compounds, such as 3-carotene. Previous
studies have reported that carbohydrate-based wall materials
can improve the protection of bioactive compounds against
oxidation and enhance their stability in food systems [Drosou
& Krokida, 2024; Lavelli & Sereikaité, 2022]. Therefore, the opti-
mization of wall material composition plays an important role
in improving the functional performance of emulsions.

For comparison, other wall material strategies have been
reported to improve emulsion stability and (3-carotene protec-
tion. For instance, chitosan-stabilized Pickering emulsions have
been shown to produce smaller droplet sizes and enhanced

Table 3. Physicochemical parameters of emulsions of Moringa oleifera Lam. leaf oil extract with B-carotene, containing blends of maltodextrin (MD) and gum

Arabic (GU).

MD to GU ratio

Emulsion droplet size (um) 1.36+0.02°
Polydispersity index 0.79+0.01°
Zeta potential (mV) —30.81+0.152
Apparent viscosity (mPaxs) 606.71£1.02°

Different letters within a row denote significant differences among means (p<0.05).

1.07+0.02¢ 1.144£0.01°
076+001° 0.83+0.02°
—31.5340.55° —37.47+0.49
627.42+ 0.20° 67091+ 0.36°
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stability, which has been attributed to the formation of strong
interfacial barriers [Yin et al,, 2024]. In their review article, also
Lavelli & Sereikaité [2022] indicate that composite wall materials
or coencapsulation strategies significantly reduce B-carotene
oxidative degradation compared with single-component sys-
tems. These results suggest that while GU effectively stabilizes
emulsions, alternative or combined wall materials may provide
additional protection and improved performance.

= Encapsulation efficiency

Encapsulation performance was strongly influenced by the ratio
of wall materials used in the emulsion formulations. The combi-
nation of MD and GU at a 1:1 (w/w) ratio produced the highest
encapsulation efficiency (0.74+0.02), whereas MD to GU ratios
of 221 and 1:2 (w/w) resulted in lower efficiencies of 0.43+0.02
and 0.67+0.02, respectively. This behavior can be attributed to
the complementary functional properties of both wall materials,
since maltodextrin contributes to film formation and reduced
viscosity, while gum Arabic provides emulsifying capacity that
enhances interfacial stability of emulsion [Gupta et al., 2015].

The superior encapsulation efficiency observed for the for-
mulation with MD to GU of 1:1 (w/w) is likely related to favorable
emulsion characteristics, particularly smaller droplet size, low-
er polydispersity, and appropriate viscosity. These parameters
play a key role in improving encapsulation efficiency, as smaller
and more uniformly distributed droplets are more easily embed-
ded within the wall matrix, reducing oil migration to the particle
surface and minimizing surface oil formation during spray-drying
[Salimietal, 2018].

The 0.74 encapsulation efficiency obtained in this study
is similar to that reported by Menegazzi et al. [2020] (~0.70),
and De Souza et al. [2024] (~0.88) for carotenoid encapsulation
by spray-drying. Higher 3-carotene encapsulation efficien-
cies have been reported when alternative wall materials or
optimized emulsification techniques were used; for instance,
the use of the polysaccharide fraction obtained from yeast cell
walls, consisting mainly of 3-glucans and mannans (includ-
ing mannoproteins) matrices, allowed achieving efficiency

close to 0.90 under optimized spray-drying conditions [Do
etal,2019].

Overall, the results confirm that spray-drying remains a ro-
bust technique for encapsulating thermolabile compounds such
as [3-carotene, as it enables the formation of stable microcapsules
while protecting sensitive bioactive compounds from oxidation,
temperature, and light exposure [Meng et al,, 2024].

5 Morphometry and structural features of microcapsules
The physical properties of the resulting microcapsules, such as
size, shape, and surface characteristics, are critical for determin-
ing their performance in storage and application. Table 4 shows
that the MD to GU ratio of the wall material significantly affected
particle morphology. Increasing GU content led to smaller mi-
crocapsule sizes, possibly due to GU's ability to lower surface
tension and promote finer droplet formation during spray-drying
[Mahdi et al., 2020]. Conversely, higher levels of MD may have re-
duced emulsion stability, contributing to the formation of larger
particles upon drying. In this study, the microcapsules formed
with the MD to GU of 1:1 (w/w) ratio had an average diameter
of 7.98 um, being smaller than those reported by Guadarrama-
Lezama et al. [2012], i.e, from 11.1 to 12.7 um, who used similar
materials. One of the contributing factors was the atomization
pressure, namely 1.0 bar used in the present study and 0.4 bar
in the cited work. Higher atomization pressure typically produces
smaller particles due to greater droplet break-up energy.
Shape descriptors, such as circularity, sphericity, and aspect
ratio, indicate how spherical the particles are; with values close to 1
indicating more spherical particles [Rosal, 2021]. Such particles are
typically associated with greater mechanical and storage stability
of the microcapsules [Gharsallaoui et al., 2007]. The microcapsules
obtained with MD to GU ratios of 2:1 (w/w) and 1:1 (w/w) had
sphericity values closer to 1 compared to those obtained with
a 1:2 (w/W) ratio (Table 4). This may be related to the emulsion’s
high viscosity, which leads to irregular droplet formation. Irregular
shapes can compromise the capsule wall structure, increasing
the risk of rupture and the early release of encapsulated com-
pounds. Kurtosis values were positive for all treatments (Table 4),

Table 4. Particle size and morphology characteristics of microcapsules of Moringa oleifera Lam. leaf oil extract with B-carotene, encapsulated using blends

of maltodextrin (DM) and gum Arabic (GU) as wall material.

Characteristic

Particle size (um) 16.11£0.96°
Circularity 0.81£0.02°
Aspect ratio 1.43+0.02°
Sphericity 0.66+0.03
Kurtosis 4.56

7.98+1.5 6.54+023¢
0.85+0.06° 0.74+006°
14540022 1.37+0.03°
067+0.04° 050+0.06"
7.88 834

MD, maltodextrin; GU, gum Arabic. Different letters within a row denote significant differences among means (p<0.05).
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100um

Figure 3. Morphology of microcapsules of Moringa oleifera Lim. leaf oil extract with 3-carotene, encapsulated using blends of maltodextrin (DM) and gum Arabic
(GU) as wall material observed by confocal laser scanning microscopy (left) and scanning electron microscopy (right). (A) 2:1 MD to GU ratio (w/w); (B) 1:1 MD
to GU ratio (w/w); and (C) 1:2 MD to GU ratio (w/w).

indicating a leptokurtic (narrow and peaked) distribution of parti- = Distribution of components in the microcapsule
cle sizes [Garcia-Solis et al,, 2022]. Kurtosis increased with a higher determined by confocal laser scanning microscopy

GU content in the wall material, suggesting that GU supports CLSM proved to be an effective tool for visualizing the spatial
the formation of more uniform microcapsules. distribution of core and wall materials within microcapsules.
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Table 5. Physicochemical and functional properties of microcapsules of Moringa oleifera Lam. leaf oil extract with 3-carotene, encapsulated using blends of maltodextrin

MD to GU ratio

(DM) and gum Arabic (GU) as wall material.

Parameter

Moisture (g H,0/100 g) 3.09+0.05°
Water activity 0.11£0.01°
Hygroscopicity (g H,0/100 g) 11.52+0.22¢
Bulk density (g/mL) 0330.11°
Tapped density (g/mL) 0.51£0.11°
Hausner ratio 1.50+0.12°

Different letters within a row denote significant differences among means (p<0.05).

As shown in Figure 3, the encapsulating agents (green)
and the 3-carotene extract (orange) were clearly distinguishable.
The MD to GU ratio influenced the observed internal structure
and surface characteristics of the microcapsules. The formula-
tions with a higher GU content (Figures 3B and 3C) appeared to
differ in the distribution of the core material compared to those
with a higher MD content (Figure 3A), which was qualitatively
consistent with the encapsulation efficiency results. Notably,
the 1:1 MD to GU (w/w) formulation displayed the most uni-
form distribution, and clear separation between core and wall
materials. Similar microstructural organization has been reported
in carotenoid-loaded microencapsulation systems, where confo-
cal microscopy has been used to evaluate the spatial distribu-
tion of lipid cores within spray-dried matrices, depending on
processing conditions and wall material composition [Zhu et
al, 2021]. These findings highlight the importance of optimiz-
ing wall material ratios to enhance core retention and maintain
the structural integrity of spray-dried microcapsules.

B  Microstructure of microcapsules determined by
scanning electronic microscopy

SEM images of microcapsules produced with varying MD to GU
ratios are shown in Figure 3. The results confirm that increasing
the GU content led to smaller particle sizes, supporting earlier
observations made via droplet size analysis. Regardless of the for-
mulation, all microcapsule samples displayed signs of agglom-
eration, which suggests that the formation of aggregates was
not directly related to the MD to GU ratio. A similar behavior
has been reported by other authors working with spray-dried
systems [Garcia-Solis et al, 2022]. The tendency for agglomerate
formation could be influenced by high inlet temperatures used
during spray-drying and the inherent hygroscopic nature of wall
materials, which may absorb moisture post-process. These fac-
tors collectively contribute to particle adhesion and clustering
during storage [Wang et al., 2015].
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3.02+0.08° 459+0.19°
0.11£0.01° 0.16+0.01°
12.14+0.23° 12.95+0.172
0.300.11° 0.63£0.15°
0.46+0.11° 0.95£0.10°
1.49+0.11° 151£0.11°

u  Physicochemical and functional properties of micro-
capsules

As summarized in Table 5, the microcapsules produced in this
study exhibited moisture contents between 3.02 and 4.59 g
H,0/100 g of microcapsule powders, and a,, values ranging
from 0.11 to 0.16. Such low values are favorable for preserving
the bioactivity of B-carotene, as excess moisture can trigger
enzymatic reactions that promote oxidation and compromise
functional stability of this compound. Additionally, low a,, sup-
presses microbial growth, enhancing both shelf-life and safety
of the powder. These characteristics were primarily achieved
due to the spray-drying conditions employed, namely a high
inlet temperature (180°C) and a moderate outlet temperature
(80°C), which likely accelerated solvent evaporation and resulted
in a reduced powder moisture content [Zhang et al., 2021].

The bulk and tapped densities of the microcapsules, shown
in Table 5, varied significantly with the ratio of wall materials
used. A higher GU content yielded powders with greater density,
likely due to the smaller and more uniform particle size of those
formulations. When particles are smaller and evenly distributed,
they pack more efficiently, improving density parameters. High
packing density in encapsulated powders has practical advan-
tages. It reduces interstitial air between particles, which in tun
minimizes exposure to oxygen and slows down the oxidation
of encapsulated oils. The Hausner ratio, which is an indicator
of powder flowability and cohesion [Garcia-Solis et al,, 2022],
was between 1.49 and 1.51 for all samples. Since values below
1.6 suggest an acceptable flow behavior [Guo et al., 2024], all
formulations in this study were deemed to have good handling
properties.

As shownin Table 5, the GU-rich microcapsules exhibited sig-
nificantly (p<0.05) higher hygroscopicity (12.95 g H,0/100 g) com-
pared with the MD-rich formulations (11.52 g H,0/100 g). A similar
behavior has been reported in spray-dried microencapsulation
systems using maltodextrin and gum Arabic, where higher gum
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Figure 4. Dissolution profile of microcapsules of Moringa oleifera Lim. leaf
oil extract with -carotene, encapsulated using blends of maltodextrin
(DM) and gum Arabic (GU) as wall material. (A) Absorbance at 620 nm over
60 min; and (B) enlargement of the first 7 min showing the initial stage
of the dissolution.

Arabic content has been associated with increased hygroscopicity
due toits higher affinity for water, while maltodextrin contributed
toalower moisture uptake and improved powder stability [Karaca
etal, 2020]. Although beneficial for emulsion stabilization and en-
capsulation efficiency, excessive hygroscopicity may compromise
storage stability of microcapsules by accelerating degradation
of structural and bioactive compounds.

Figure 4 shows the dissolution profiles of microcapsules
formulated with different MD to GU ratios, plotted as absorbance
vs.time.The sample is considered dissolved when its absorbance
remains constant over time. The sample that dissolved most rap-
idly was the one containing the highest proportion of MD, which
dispersed in water within 3 min. The GU-rich formulation dis-
solved in approximately 5 min, whereas the sample witha 1:1 MD
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Table 6. Glass transition temperature of wall materials and microcapsules
of Moringa oleifera Lam. leaf oil extract with B-carotene, encapsulated using
blends of maltodextrin (DM) and gum Arabic (GU).

Wall material/microcapsules Ty (°C)

MD 189.98+0.54°
GU 147.17+0.58°
Microcapsules (2:1 MD to GU, w/w) 56.94+0.75¢
Microcapsules (1:1 MD to GU, w/w) 58.87+1.22°
Microcapsules (1:2 MD to GU, w/w) 473241339

Different letters within a column denote significant differences among means (p<0.05).
Ty glass transition temperature.

to GU (w/w) ratio needed about 6 min to disperse completely.
These differences are attributed primarily to the water solubil-
ity of the wall materials. Maltodextrin, known for its high water
solubility, serves as an effective carrier in spray-drying encapsula-
tion systems and enables rapid dissolution in aqueous media.
In contrast, gum Arabic is a complex polysaccharide—protein
hydrocolloid that provides interfacial activity and forms more
structured hydrated solutions, potentially affecting the release
behavior of encapsulated compounds [Dickinson, 2003].

All microcapsule formulations exhibited lower T, values than
the pure wall materials (Table 6), likely due to the plasticizing
effect of saturated fatty acids in the B-carotene extract [Gua-
darrama-Lezama et al,, 2012]. The GU-rich formulations showed
the lowest glass transition temperature (Tg), while the formula-
tions that included MD exhibited the highest Tg. This behavior
suggests that the balance between maltodextrin and gum Ara-
bic influences molecular mobility within the matrix, affecting
the thermal properties of the microcapsules.

The observed T, values reflect differences in the molecular
mobility of the microcapsule matrix. In general, higher T values
are associated with reduced molecular mobility, which can con-
tribute to improved retention of encapsulated compounds, such
as 3-carotene, during storage. Based on these properties, spray-
-dried microcapsules have been widely applied in food systems
for the protection and delivery of bioactive compounds in various
matrices [Gharsallaoui et al, 2007]. The enhanced structural stability
of the microcapsules from the 1:1 MD to GU (w/Wv) formulation,
in particular, indicates its suitability for applications that demand
prolonged shelf-life and resistance to processing stresses.

CONCLUSIONS

This study demonstrated that both sunflower and corn oils as well
as their blends could effectively serve as carriers for extracting
(3-carotene from M. oleifera leaves, with sunflower oil used at 70°C
for 10 min yielding the highest extraction efficiency. 3-Carotene-
-rich extracts were successfully microencapsulated by spray-drying
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using MD and GU, with the MD to GU ratio of 1:1 (w/w) yielding
the highest encapsulation efficiency, flowability, and glass transi-
tion temperature. These findings indicate that optimizing wall

material composition can improve the structural stability of mi-
crocapsules and retention of the core material under the tested
conditions. However, the study was limited to laboratory-scale
experiments, and the stability of 3-carotene microcapsules during
storage or incorporation into real food matrices was not assessed.
Future work should, therefore, evaluate long-term bioactive reten-

tion, performance in different food systems, and process scalability
to better support potential industrial applications.
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Functional Whipped Cream Based on Duck Fat and Inulin:
A Study on Rheological, Microstructural,
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This study investigates natural inulin as a stabilizer in a novel whipped cream formulated with duck fat fraction rich in unsatu-
rated fatty acids. The objective was to develop a functional whipped cream with favorable structural, rheological, and sensory
properties using a non-traditional fat source. Increasing inulin content (0-14.7%, w/w) significantly modified emulsion mi-
crostructure and viscoelastic behavior. Rheological measurements showed a concentration-dependent increase in viscosity
and storage modulus, indicating progressive strengthening of the continuous phase. Whipping performance was strongly
influenced by inulin content. Although overrun decreased at higher inulin levels, the 12.1% (w/w) formulation achieved an
optimal balance, maintaining a desirable overrun of 214% while completely eliminating serum loss (0%) after 3 h at 22°C.
Higher inulin levels (=12.1%, w/w) significantly improved shaping ability, air cell uniformity, and structural retention. Sensory
evaluation demonstrated that formulations containing >12.1% (w/w) inulin exhibited a smooth texture and improved smo-
othness approaching that of the commercial whipped cream reference sample. Overall, 12.1% (w/w) inulin was identified as
the optimal content, offering excellent physicochemical stability, balanced whipping behavior, enhanced structural integrity,
and favorable sensory characteristics. These findings establish inulin as an effective stabilizer for producing duck-fat-based
whipped cream with promising functional quality and potential nutritional benefits.

Keywords: emulsions, foam stability, overrun, rheology, sensory quality

INTRODUCTION

Whipped cream is an aerated oil-in-water (O/W) emulsion system
composed of lipids, proteins, stabilizers, surfactants, and sweet-
eners [Zeng et al., 2022b]. The structural integrity of this foam is
primarily attributed to the immobilization of air bubbles by a net-
work of partially coalesced fat globules at the air-water interface
[Goff, 1997; Turner et al, 1999]. It is widely used in bakeries as

a topping for desserts, such as cakes and pies, or for hot bever-
ages like coffee. Moreover, it also serves as a filling in pastries
and imparts creaminess to parfaits and trifles [Wu et al,, 2023].
Currently, the primary lipid sources for whipped cream are
milk fat and hydrogenated vegetable oils. While milk fat contrib-
utes to desirable textural characteristics and structural integrity
of whipped cream [Cui et al,, 2025; Nguyen et al,, 2015; Rybak,
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2016], its high saturated fatty acid content is increasingly linked
to adverse effects on cardiovascular health [Glng Ergonil &
Ergondl, 2023]. Plant-based alternatives offer little improvement,
as they typically rely on palm stearin or hydrogenated palm
kernel oil, both of which are rich in saturated fats [Nesaretnam
etal, 1993]. Furthermore, the hydrogenation process generates
trans-fatty acids, a known contributor to coronary heart disease
[Motamedzadegan et al,, 2020]. Consequently, there is a need
for alternative lipid sources that maintain the solid fat content
required for partial coalescence while offering a better nutritional
profile. To address this concern, the present study utilized a duck
fat fraction, which was richer in unsaturated fatty acids than
the fats typically used in whipped cream.

The stabilization of whipped cream rich in unsaturated fatty
acids poses a significant challenge that can be overcome by
using stabilizers. Inulin, the natural 3 (2—1) linear fructan, has
gained prominence as this type of a food additive. Due to its abil-
ity to modify texture, extend shelf-life,and enhance organoleptic
properties, inulin is widely utilized in products such as yogurt, ice
cream, and spreads [Shoaib et al, 2016]. Its functionality is largely
governed by its chain length, with shorter chains exhibiting
higher water solubility than longer ones. Because of its struc-
ture, inulin easily forms hydrogen bonds and immobilizes water,
which, at contents between 13% and 50%, allows the formation
of a microcrystalline gel network upon shearing and cooling
[Desu et al, 2025]. We hypothesize that this inulin-templated
network may contribute to whipped cream stability through
a dual mechanism: first, by increasing the viscosity of the aque-
ous phase to reduce serum drainage; and second, by forming
a cohesive, three-dimensional microstructure that physically
entraps and stabilizes air bubbles and fat globules. This structural
reinforcement may help reduce fat globule coalescence and de-
lay foam collapse [Athari et al., 2021; Kim et al., 2001].

Previous studies have reported that inulin can enhance
the emulsification performance of protein-stabilized emulsion
systems [Liu etal, 2016].This effect has been primarily attributed
toinulin’s strong water-absorbing capacity and its ability to main-
tain a stable hydrated network structure, which modifies water
distribution in the continuous phase and modulates hydrogen
bonding and van derWaals interactions among casein molecules
[Nieto-Nieto et al, 2015; Xu et al,, 2021]. Such interactions may
induce partial unfolding of sodium caseinate structures, increas-
ing the exposure of hydrophilic groups and thereby improving
protein solubility and interfacial activity. These physicochemi-
cal modifications have been associated with improved emul-
sion stability in protein-polysaccharide systems, without inulin
acting as a classical surface-active emulsifier [Liu et al,, 2016].
Although inulin does not possess the characteristics of a con-
ventional surfactant, it functions as an important structuring
agent in the aqueous phase.

Beyond its structural contributions, inulin may provide addi-
tional nutritional value as dietary fiber with recognized prebiotic
functionality. Because it resists hydrolysis in the smallintestine, it
is fermented by beneficial gut microbiota, such as Bifidobacterium
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and Lactobacillus, thereby promoting gastrointestinal health
[Shoaib et al, 2016].

Although inulin has been investigated in several emulsion
and dairy systems, its application in whipped cream formulated
with a duckfat fraction has not been reported so far. Duck fat differs
from conventional cream fats in fatty acid composition, solid fat con-
tent, and crystallization characteristics, which may pose challenges
in terms of aeration, partial coalescence, and foam stability. There-
fore, evaluating inulin as a stabilizer in this alternative lipid matrix
represents an important research gap. The primary novelty of this
study is the development of a non-dairy whipped cream formulated
using an unsaturated duck fat fraction. The secondary novelty is
the use of natural inulin as a stabilizer to improve rheological prop-
erties and foam stability, while also serving as a potential source
of dietary fiber. Given the above, this study investigated the effects
of inulin content (0-14.7% of emulsion, w/w) on physicochemi-
cal properties, rheology, overrun, foam stability, microstructure,
and sensory attributes. This content range was selected based on
preliminary experiments, where low levels (3.3-6.5%, w/w) showed
limited viscosity enhancement, while higher levels (=12.1%, w/w)
significantly increased viscosity and structural stability. Therefore,
a broad range was selected to evaluate concentration-dependent
effects and identify the optimal formulation. We hypothesized
that increasing inulin content would enhance structural stability
and viscoelastic properties, with a critical content required to form
a self-supporting network that optimizes overall product quality.

MATERIALS AND METHODS

= Materials

The duck fat fraction, consisting of 47.01% of saturated fatty acids
(mainly palmitic and stearic acids), 31.34% of monounsaturated
fatty acids (mainly oleic acid), and 21.65% of polyunsaturated fat-
ty acids (mainly linoleic acid), was graciously donated by Henan
Huaying Cherry Valley Co,, Ltd. (Xinyang, China). Mono- and di-
glycerides were purchased from Jialishi Additives (Hai'an) Co,,
Ltd. (Jiangsu, China). Natural inulin, extracted from chicory root,
with a degree of polymerization ranging from 2 to 60 and purity
>86% was provided by Cosucra (Warcoing, Belgium). Sodium
caseinate (protein content >90%) was purchased from Huaan
Group (Gansu, China). Guar gum was sourced from Henan Anrui
Biotechnology Co., Ltd. (Zhengzhou, China). Polyglycerol fatty
acid ester (hydrophilic-lipophilic balance, HLB 13) was supplied
by Zhengzhou Dahe Food Technology Co., Ltd. (Zhengzhou,
China). Disodium hydrogen phosphate and potassium dihydro-
gen phosphate were purchased from Tianjin De'en Chemical Rea-
gent Co,, Ltd. (Tianjin, China). The fluorescent dyes Nile red, Nile
blue, and calcofluor white were provided by Shanghai Yuanleaf
Biological Technology Co., Ltd. (Shanghai, China) and Sigma-
-Aldrich ShanghaiTrading Co., Ltd. (Shanghai, China), respective-
ly. A commercial milk fat-based whipped cream was purchased
from Fonterra Commercial Trading Co., Ltd. (Shanghai, China). All
other chemicals used were of analytical grade. Deionized water
was produced using a Milli-Q water filtration system (Millipore
Corporation, Milford, MA, USA).
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u  Preparation of emulsions

Whipping cream emulsions were prepared by mixing aqueous
and oil phases. To obtain aqueous mixtures, 0.5 g of sodium
caseinate, 0.1 g of polyglycerol fatty acid ester with an HLB value
of 13,aswellas0,3,6,9,12,0r 15 g of inulin were added to 56.17 g
of distilled water adjusted to pH=7.0 with potassium dihydrogen
phosphate and disodium hydrogen phosphate. These amounts
of inulin constituted 0%, 3.3%, 6.5%, 9.4%, 12.1%, and 14.7%
of the total emulsion (w/w), respectively, and the correspond-
ing emulsions were named IN-0, IN-3.3, IN-6.5, IN-9.4, IN-12.1,
and IN-14.7, respectively. Aqueous mixtures were stirred at 60°C
until complete dissolution and hydration had been achieved.
The oil phase consisted of a duck fat fraction (29.5 g), which
was heated to 70°C for 30 min. Mono- and diglycerides (0.5 g)
were then added and allowed to dissolve completely before
emulsification. A guar gum reference sample was prepared under
identical processing conditions, in which inulin was replaced
with guar gum (0.23 g; 0.26% of total emulsion, w/w). This level
was selected based on preliminary trials, as a higher guar gum
content produced excessive viscosity and impaired whipping
performance. The oil phase was slowly added to the water phase
and then pre-emulsified at 10,000 rpm for 3 min using a high-
-speed shear mixer. These emulsions were then homogenized
using a high-pressure homogenizer (GJJ-0.02/60, Shanghai Noni
Light Industry Machinery Co,, Ltd., Shanghai, China) at 20 MPa for
3 min to obtain a fine and uniform oil-in-water emulsion. Emul-
sions were cooled immediately and allowed to age at 4°C for 24 h
to promote fat crystallization and to stabilize prior to analysis.

= Analysis of emulsion properties

B Determination of particle size distribution

The particle size distributions of the emulsions were characteri-
zed by a dynamic light scattering (DLS) instrument (BeNano 90
Zeta, Bettersize Instruments Ltd,, Dandong, China). Each sample
was diluted 1,000-fold with deionized water prior to measure-
ment. The optical parameters were defined with a refractive
index of 1.33 for the continuous phase (water) and 1.451 for
the dispersed phase, using an absorption index of 0.001. All me-
asurements were conducted at a constant temperature of 25°C
[Chen et al, 2025]. The mean particle size expressed on a volu-
me-weighted basis (d,3), was recorded, with all measurements
conducted in triplicate.

B Confocal laser scanning microscopy analysis
Microstructure analysis of emulsions and whipped foams was
performed using confocal laser scanning microscopy (CLSM,
Olympus FV3000, Tokyo, Japan) to observe fat globule size
and network formation. The lipid phase, protein phase, and po-
lysaccharides (inulin and guar gum) were specifically stained with
Nile red (0.1%, w/w), Nile blue (0.5%, w/w), and calcofluor white,
respectively. Images were captured using a 63x oil immersion
objective with an additional 3% digital zoom. The excitation
wavelengths were set at 635 nm for Nile red, 488 nm for Nile
blue, and 432 nm for calcofluor white.
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® Determination of zeta potential

The surface charge of the emulsion droplets was determined by
zeta potential analysis using a BeNano 90 Zeta DLS instrument
(Bettersize Instruments Ltd.). To prevent multiple scattering ef-
fects, samples were diluted 1,000-fold with deionized water
before measurement [Wang et al,, 2023]. Data were collected
in triplicate and reported as the mean values.

®  Determination of rheological properties

The rheological properties of the emulsions were characterized
using a TA DHR-2 rheometer (TA DHR-2, Waters Corporation,
Milford, MA, USA) equipped with a 40-mm parallel steel plate.
All measurements were conducted at 4°C with a geometry gap
of 1,000 um. Steady-state flow tests were performed by applying
a logarithmic shear rate ramp from 0.1 to 100 s™'. At each shear
rate, data were recorded after a 5-s equilibrium time, followed
by a 30-s averaging period. To determine the linear viscoelastic
region (LVR), dynamic strain sweep measurements were con-
ducted between 0.019% and 100% strain at a constant frequency
of 1 Hz. This allowed for the characterization of the storage (G
and loss (G") moduli as functions of the applied deformation
[Zhang et al, 2024].

=  Whipped cream preparation

The aged emulsion samples were whipped using a planetary
mixer (KitchenAid 5KSM3311, St. Joseph, MI, USA). Prior to whip-
ping, both the mixing bowl and the whisk attachment were
pre-cooled at 4°C for 30 min. Subsequently, 150 g of the emul-
sion, also pre-cooled to 4°C, was whipped at a constant speed
of 1,000 rpom. The whipping process was stopped upon the for-
mation of a smooth texture and the appearance of soft peaks
on the whisk, indicating the optimal whipping time [Fredrick
et al, 2013]. To minimize variability, three experimental repli-
cates were performed by the same operator and the results
were averaged.

®  Characterization of whipped cream

B Whipping time determination

The whipping time was defined as the duration (in seconds)
from the initiation of whipping at 1,000 rpm until the emulsion
reached the predetermined whipping endpoint, as described
in whipping cream preparation procedure.

B Determination of overrun

Following the procedure established by Zeng et al. [2022a],
overrun was determined by measuring the mass difference
of a constant volume of the sample in its liquid and aerated
states according to Equation (1):

zuxmo
W)

Overrun (%)

m

where: w; indicates the mass of unwhipped emulsion, while
w, represents the mass of whipped cream.
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B Foam stability determination

The foam stability of the whipped foams was measured over
time, with minimal serum drainage correlating with higher sta-
bility in the aerated system [Liu et al., 2024]. The procedure was
adapted from Zeng et al. [2022b]. To this end, 20 g of freshly
whipped cream were transferred to a mesh funnel and incubated
at 22°C for 3 h.The percentage serum loss was calculated using
Equation (2):

mserum

Serum loss (%) = x 100 2)

mvvhipped cream
where: Mgeym represents the serum mass (g) separated from
the whipped cream after 3 h, and Mynipped cream refers to the initial
mass (g) of the whipped cream.

®  Analysis of microstructure of whipped cream

The whipped foam microstructure was examined using a polar-
ized light microscope (PLM, XPV-203, Changfang Optical Instru-
ment Co, Ltd,, Shanghai, China). Samples obtained at the optimal
whipping time were placed on a glass slide with a coverslip
and visualized at 40x magnification to analyze the size and dis-
tribution of air bubbles.

®m  Visualization of whipped cream decorative appearance
imaging

The retention of decorative shape was assessed using a standard
piping method. Freshly whipped samples were piped into uni-
form rosettes on a flat surface using a pastry bag equipped with
a closed-star tip. The rosettes were then subjected to a stability
testin an environmental chamber set at 22°C. To observe shape
change over time, digital images were captured immediately
after piping and following a 3-h holding period.

The internal stability of the whipped cream was evaluated
by examining the surface topography of a cut section. Freshly
whipped samples were first shaped into a mound and equili-
brated at 25°C for 1 h. Subsequently, the mound was sectioned
with a metal scraper. The resulting cross-section was immedi-
ately photographed under standardized lighting conditions to
capture its texture.

®  Sensory evaluation

Sensory evaluation was conducted using a descriptive analysis
approach from Ma et al.[2025] with minor modifications. Twenty
trained panellists (10 men and 10 women, aged 22-40 years)
were recruited from postgraduate students and staff members
of the College of Food and Bioengineering, Henan University
of Science and Technology, China. All panellists were regular
consumers of dairy or whipped cream products and had previous
experience in sensory evaluation. Prior to the test, the panellists
had two orientation sessions to familiarize themselves with
the evaluation attributes, scoring criteria, and reference stan-
dards. Individuals with known dairy allergies, impaired taste
or smell perception, smoking habits, or recent illness affecting
sensory perception were excluded. Freshly prepared whipped
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cream samples were labeled with random three-digit codes
and presented to the panellists in randomized order to minimize
bias. Approximately 10 g of each sample were served at 8+1°C
in identical odorless cups. Sensory evaluations were conducted
inindividual booths under standardized white lighting at 22+2°C.
Panellists were provided with drinking water to cleanse their
palates between successive samples. They rated each sample
on a 10-point intensity scale for four key sensory attributes:
(@) smoothness (extremely smooth, 10-8; a little coarseness,
7-5; much harshness, 4-1); (b) texture (melts in the mouth, 10-8;
weak and fluffy, 7-5; grainy, 4-1); () greasiness (no greasiness,
10-7; heavy greasiness, 6-1); (d) flavor and taste (no criticism, 10;
delicate flavor, 9-7; lack of flavor, 6-4; other defects, 3—1). These
attributes were selected based on the key quality characteristics
of whipped cream and preliminary screening trials.

= Statistical analysis

Experiments were performed in triplicate, and data are reported
as mean and standard deviation. One-way analysis of variance
(ANOVA) and Tukey's post hoc tests were applied to determine
significant differences between samples using IBM SPSS Statistics
for Windows, Version 27.0 (IBM Corp., Armonk, NY, USA). Differ-
ences were considered significant at p<0.05.

RESULTS AND DISCUSSION

u  Emulsion properties

B Particle size distribution of emulsions

The stability of cream emulsions is significantly affected by par-
ticle size distribution, which is also an important parameter
influencing the whipping properties of cream [Wang et al,, 2023].
The particle size distribution and volume weighted mean diame-
ters (dy3) of duck fat-based emulsions stabilized by varying inulin
contents, guar gum, and commercial whipped cream (CWC) are
presented in Figure 1. As the inulin content increased from 0%
to 12.1% (w/w), the mean particle size increased significantly
from 0.761 pm (IN-0) to 1.106 pm (IN-12.1), before decreasing
t0 0.855 um at 14.7% (w/w) inulin (IN-14.7). Guar gum reference
sample (GG-0.26) showed an intermediate d, ; value of 0.943 um,
while the CWC sample exhibited the finest dispersion, with
a mean diameter of 0.739 um.

The increase in particle size up to 12.1% (w/w) inulin sug-
gests enhanced droplet-droplet interactions and partial ag-
gregation. This phenomenon may be explained by a bridging
flocculation mechanism, where chains in the continuous phase
associate with the surfaces of fat droplets, promoting the forma-
tion of flocs and increasing the effective droplet size. Bridging
phenomena of this type are well-described for protein-stabilized
emulsions in the presence of non-adsorbing or partially adsorb-
ing polysaccharides [Dickinson, 2003]. Analogous concentration-
-dependent effects have been reported in protein-stabilized
Pickering emulsions and inulin-containing salad dressings, where
moderate polysaccharide levels promote droplet association
once the protein surface coverage becomes incomplete [Li et
al., 2024; Sinsuwan, 2024].
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Figure 1. Particle size distribution and volume-weighted mean particle
diameter (d,3) of duck fat-based cream emulsions formulated without inulin
(IN-0), with inulin content ranging from 3.3% to 14.7%, w/w, (IN-3.3-IN-14.7),
and with guar gum (GG-0.26), as well as a commercial whipping cream
emulsion (CWCQ). Results of d,; are shown as mean + standard deviation.
Different superscript letters (a—f) indicate significant differences among
emulsions (p<0.05).

At the higher inulin content (14.7%, w/w), the decrease
in d,; indicates a transition from bridging to steric stabiliza-
tion. The high content of inulin likely promoted the formation
of a dense, viscoelastic microgel network in the continuous
phase [Kim et al, 2001; Shoaib et al,, 2016] as corroborated by
the sharp increase in viscosity and moduli. This network im-
pedes droplet movement and coalescence through a com-
bination of steric hindrance and increased continuous phase
viscosity leading to a finer and more stable dispersion [Ai, 2023].

The corresponding shift in particle size distribution supports
the formation of a structured, immobilized system. The guar
gum reference sample exhibited a relatively narrow particle size
distribution, reflecting the strong thickening efficiency of guar
gum even at a low content. In contrast, the fine and uniform
droplets observed in CWC likely reflect optimized industrial
homogenization and formulation conditions.

Overall,inulin levels play a part in governing the microstruc-
ture of duckfat-based emulsions. Moderate inulin levels promote
bridging flocculation, while higher levels (>14.7%, w/w) stabilize
the emulsion through bulk network formation.

B Microstructure of emulsions determined by confocal laser
scanning microscopy

Distribution of fat droplets (red) and proteins (green) in an emul-
sion under CLSM can be observed in Figure 2. Under consistent
magnification, fat droplets were observed to be encapsulated
by a protein-rich interface (green), forming a protective barrier
essential for preventing coalescence and ensuring emulsion
stability. While the fat globules exhibited spherical morphol-
ogies of varying sizes across all samples, their spatial distribu-
tion remained relatively uniform. The high protein density at
the interface may provide robust stabilization against droplet
aggregation. Additionally, the presence of some irregularly
shaped globules in all emulsions may be attributed to pressure
fluctuations during high-pressure homogenization. Inadequate
pressure may lead to incomplete fragmentation of fat globules,
whereas excessive pressure may result in irregularly shaped
globules [Dhungana et al., 2020; Panchal et al., 2017].

With an increase in inulin content until reaching 12.1%
of emulsion (w/w), the fat globule size continued to increase.
However, the fat globule size observed in IN-14.7 was smaller
thanthat of IN-12.1. As discussed in the particle size distribution

Figure 2. Confocal laser scanning microscopy (CLSM) images of duck fat-based cream emulsions formulated without inulin (IN-0), with inulin content ranging
from 3.3% to 14.7%, w/w, (IN-3.3-IN-14.7), and with guar gum (GG-0.26), as well as commercial whipping cream (CWC). Fat and protein phases are stained in red
and green, respectively, illustrating the microstructural organization of the emulsions. Scale bar is 10 pum.
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Figure 3. Zeta potential of duck fat-based cream emulsions formulated
without inulin (IN-0), with inulin content ranging from 3.3% to 14.7%, w/w,
(IN-3.3-IN-14.7), and with guar gum (GG-0.26), as well as a commercial
whipped cream (CWQ). Different lowercase letters (a—c) indicate significant
differences among emulsions (p<0.05).

section, steric hindrance may have occurred in sample IN-14.7;
therefore, the decrease in fat globule size could be attributed to
this effect. Specifically, the reduction in fat globule size in sample
IN-14.7 can be attributed to the enhanced steric repulsion pro-
vided by the inulin-rich continuous phase. At this concentration,
inulin may form a dense network that effectively isolates fat
droplets, preventing coalescence [Torres et al., 2010]. As a result,
the IN-14.7 sample exhibited a homogeneous dispersion of dis-
crete, spherical droplets with clear boundaries and no visible
aggregates. This microstructure is characteristic of systems sta-
bilized by a structured continuous phase [Franck, 2002]. In con-
trast, sample GG-0.26 exhibited relatively larger globules, which
may reflect the strong water-binding and thickening properties
of guar gum that modify droplet organization within the matrix.

m  Zeta potential

The zeta potential reflects the surface charge of the droplets
and influences the electrostatic interactions contributing to
emulsion stability [Cai et al., 2022]. As shown in Figure 3, all
samples demonstrated strongly negative zeta potential ranging
from —44 mV to —53 mV, with the absolute values generally in-
creasing with an increasing inulin content in the duck fat-based
emulsions. Sample IN-14.7 exhibited the highest absolute zeta
potential, suggesting improved colloidal stability, which is consis-
tent with the particle size results. Sample GG-0.26 showed a zeta
potential of approximately —49 mV, which was statistically com-
parable to that of several inulin-containing samples, indicating
that both hydrocolloids maintained a stable dispersed system
under the tested conditions. However, as a neutral, non-ionic
polysaccharide, inulin lacks a surface charge and is general-
ly considered non-surface-active [Kim et al, 2001]. Therefore,
the observed increase in the negative charge magnitude is likely
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an indirect effect rather than a result of inulin adsorption. It is
hypothesized that inulin modulates the molecular environment
and hydration of the sodium caseinate layer at the oil-water inter-
face. This interaction may induce partial unfolding of the protein
chains, exposing more negatively charged amino acid residues
and thus increasing the measured surface potential [Nieto-Nieto
etal,2015; Xu etal, 2021]. Similarly, guar gum is also a non-sur-
face-active polysaccharide, and its stabilizing effect is unlikely to
arise primarily from direct interfacial charging.

The enhanced stability may be partly due to steric stabi-
lization and aqueous-phase structuring. Inulin may provide
stability through steric hindrance, where its hydrated polymer
chains form a physical barrier that prevents fat globule proximity
and coalescence [Clements, 2005]. This mechanical stabiliza-
tion, combined with the microcrystalline gel network formed
in the continuous phase, effectively preserves the structural
integrity of the system irrespective of the direct interfacial charge.

®  Rheological properties

Rheological behavior of an emulsion is an important factor
that determines product stability and final texture [Zhang et
al, 2024; Zhao et al,, 2009]. An optimal viscosity range is critical;
excessive viscosity impedes air incorporation and fat globule
movement during whipping, while low viscosity promotes bub-
ble coalescence and reduces structural integrity under stress
[Rezvanietal, 2020]. As shown in Figure 4, all emulsions exhib-
ited shear-thinning behavior, where viscosity decreased with
increasing shear rate. This characteristic is typical of structured
fluids, where applied shear disrupts intermolecular interactions
and aligns particles, thereby reducing flow resistance [Ningtyas
etal., 2021]. The zero-shear viscosity (no), indicative of the emul-
sion’s structure at rest, increased markedly with inulin content
(Figure 4). A significant increase was observed from 10.9 Paxs for
IN-Oto 23.1 Paxs forIN-12.1at 0.1 5™, suggesting that inulin rein-
forced the emulsion network, enhancing its resistance to serum

1,000 5

Viscosity (Paxs)

0.01 T T T
0.1 1 10

Shear rate (1/s)

Figure 4. Viscosity as a function of shear rate for duck fat-based whipping
emulsions formulated without inulin (IN-0), with inulin content ranging from
3.3% to 14.7%, w/w, (IN-3.3-IN-14.7), and with guar gum (GG-0.26), as well as
a commercial whipping cream emulsion (CWC).
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separation under quiescent conditions [Dabo et al,, 2024]. This
trend aligns with reports of inulin's concentration-dependent
thickening effect in protein-stabilized emulsions [Lépez-Caste-
jon et al, 2019]. At intermediate inulin levels (3.3-9.4%, w/w),
the increase in viscosity was less pronounced, suggesting that
lower inulin levels had a limited impact on rheological behavior
[Franck, 2002]. A substantial change occurred at 14.7% (w/w)
inulin content (IN-14.7), where ng increased to 243.3 Paxs. This
sharpincrease in viscosity may indicate the formation of a contin-
uous gel-like network [Kim et al., 2001]. The guar gum-stabilized
sample displayed a viscosity profile between IN-9.4 and IN-12.1,
confirming its efficacy as a thickener at low usage levels. No-
tably, the CWC sample exhibited a viscosity similar to IN-12.1,
suggesting that moderate inulin levels may effectively replicate
the rheological properties of commercial stabilizer blends.

Oscillatory strain sweep tests were performed to determine
the linear viscoelastic region (LVR) of the emulsions. As shown
in Figures 5A and 5B, the storage modulus (G') remained higher
than the loss modulus (G") across the tested strain range for all
samples, indicating predominantly elastic (solid-like) behavior.
Both G"and G" increased with an increasing inulin content,
suggesting enhanced structural integrity and viscoelastic prop-
erties of the emulsions. This trend supports the role of inulin
in reinforcing the emulsion network and increasing resistance
to deformation under oscillatory stress, which is consistent
with previous reports describing the thickening effect of inulin
on viscoelastic moduli [Lopez-Castejon et al., 2019]. Sample
IN-14.7 exhibited the highest G'value, indicating the formation
of a highly rigid network, which is consistent with the gelation
behavior of inulin at elevated concentrations [Kim et al., 2001].
In contrast, samples IN-0, IN-3.3, and IN-6.5 exhibited low crit-
ical strain values, indicating weak structures that may break
down under minimal deformation. On the other hand, samples
IN-9.4, IN-12.1, GG-0.26, and CWC showed a significantly wider
LVR, withstanding strains above 10-20% before yielding. This
indicates the presence of cohesive and deformation-tolerant ne-
tworks capable of maintaining structural integrity under greater
strain. The rheological behavior of GG-0.26 and CWC showed
similar trends to that of IN-12.1, suggesting that a moderate level
of inulin can provide favorable viscoelastic properties within
the range observed for the guar gum reference and the com-
mercial whipped cream sample. However, this comparison is
limited to the rheological parameters evaluated in the present
study and does not imply full equivalence in overall product
performance or composition.

=  Whipped cream properties

®  Whipping time and overrun

Whipping time plays a significant role in determining the partial
coalescence of whipped cream [Nguyen et al,, 2015]. A clear
concentration-dependent increase in whipping time was ob-
served, as shown in Table 1. Increasing inulin content from
0% to 14.7% (w/w) lengthened the time required to achieve
stiff peaks from 106 s to 316 s. This trend can be attributed to
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Figure 5. (A) Storage modulus (G') and (B) loss modulus (G") as a function
of strain for duck fat-based cream emulsions formulated without inulin (IN-0),
with inulin content ranging from 3.3% to 14.7%, w/w, (IN-3.3-IN-14.7), and with
guar gum (GG-0.26), as well as commercial whipping cream sample (CWC).

inulin-induced rheological modifications, as discussed in the rhe-
ological properties section. The higher viscosities observed
in inulin-added samples prevent the partial coalescence of fat
globules and thus increase the whipping time [Wang et al,, 2023].
Sample GG-0.26 showed similar effects by increasing viscosity
and delaying coalescence, but primarily through phase thick-
ening rather than network formation. The continuous increase
in viscosity and stronger gel network with increasing inulin
content physically resists air incorporation during whipping. In
addition, a more viscous and structured continuous phase can
slow whisk movement, restrict droplet interactions, and hin-
der liquid drainage from lamellae surrounding air bubbles, all
of which may contribute to longer whipping times [Liu et al,,
2024; Rezvani et al., 2020].

Overrunis a key indicator of whipping performance, reflect-
ing the extent of air incorporation and the resulting increase
in volume [Liu et al, 2024]. In this study, overrun was signifi-
cantly influenced by inulin content, showing a clear inverse
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Table 1. Optimum whipping time, overrun, and serum loss for duck fat-based
whipped cream samples formulated without inulin (IN-0), with inulin content
ranging from 3.3% to 14.7%, w/w, (IN-3.3-IN-14.7), and with guar gum (GG-0.26),
as well as a commercial whipped cream (CWCQ).

Optimum

il ke oo Overrun Serum loss
: (%) (%)
time (s)

IN-0 10643 33046 6.92+044°
IN-3.3 116+3¢ 320+3° 6.2620.155
IN-6.5 118+7% 31145¢ 5844095
IN-9.4 125+8¢ 274+59 5.19+0.57%
IN-12.1 22045° 214+4° 0+00°
IN-14.7 316+3? 1695 000"
GG-0.26 21545 209+6° 453+0.75°
cwC 18242¢ 21145¢ 12434085

Values are expressed as mean =+ standard deviation. Different letters in the same column
indicate significant differences among whipped cream samples (p<0.05).

relationship. As inulin content increased from 0% to 14.7% (w/w),
overrun decreased significantly from 330% to 169% (Table 1).
At lower contents (0-6.5%, w/w), inulin had a minimal impact
on overrun; however, at higher contents (9.4-14.7%, w/w), it sig-
nificantly reduced the overrun. This can be attributed to the for-
mation of a highly viscous network at a higher inulin content,
which restricts air incorporation. In samples IN-12.1 and IN-14.7,
the strengthened network limited air entrapment during whip-
ping. Additionally, inulin at higher levels may compete with
surface-active components at the fat droplet interface, reducing
interfacial stabilization and promoting coalescence, thereby
hindering air incorporation [Liu et al, 2024]. Interestingly, sam-
ple IN-12.1 exhibited overrun values statistically comparable to
GG-0.26 and commercial whipped cream, indicating an optimal
balance between structure formation and airincorporation. This
suggests that both inulin (at optimal content) and guar gum can
enhance structural stability without excessively compromising
air incorporation, although their mechanisms differ. Guar gum
primarily increases viscosity through hydrocolloid thickening,
whereas inulin contributes to network formation and fat struc-
turing. At the 12.1% (w/w) inulin level, the network provided
sufficient rigidity to stabilize air cells without excessively limiting
their formation, as also supported by rheological and micro-
structural observations. In contrast, sample IN-14.7 presented
an over-stabilized system, characterized by prolonged whipping
time and reduced overrun.

The whipping properties of duck fat-based cream were neg-
atively impacted by the higher inulin levels, resulting in extended
whipping time and decreased overrun. This inverse correla-
tion is consistent with the findings of Camacho et al. [1998],
who showed that the addition of hydrocolloids to whipped
cream increased the cream’s elastic properties during whipping,

156

which resulted in lesser air incorporation, longer whipping time,
and reduced overrun [Camacho et al, 2001]. It should be not-
ed that when no inulin was added or when the added level
was low, although the foaming rate during whipping was high
and the whipping time was short, the bubbles in the system were
large, uneven, and had defects such as easy collapse.

H  Serum loss

Foam stability depends on the physical and rheological proper-
ties of the interface and the continuous phase. Factors such as
air bubble size distribution, interface thickness, surface tension,
and interface permeability all have an obvious impact on foam
stability [Kovacova et al, 2010], which can be additionally de-
termined by the level of serum loss. A lower level of serum loss
indicates high foam stability [Liu et al., 2024]. An increase in inulin
content significantly reduced the serum loss after 3 h of storage
at 22°C,asdemonstrated in Table 1. Samples with inulin contents
up to 9.4%, w/w, (IN-0 to IN-9.4) showed considerable serum loss,
ranging from 6.92% to 5.19%. This could be attributed to the low-
erviscosities of these samples which allow a large number of air
bubbles to be incorporated during whipping, resulting in sample
instability [Ma et al, 2025]. At higher inulin contents (IN-12.1
and IN-14.7), excellent stabilization was achieved, as these sam-
ples exhibited complete stability with no measurable serum loss
(0.00%) under the tested conditions. This improvement may be
associated with the formation of a stronger continuous network
with enhanced water-immobilization capacity. The higher vis-
cosities observed for samples IN-12.1 and IN-14.7, together with
the solid-like behavior (G">G"), confirm the formation of a gel
structure characterized by high water-holding capacity [Kim et al,,
2001; Shoaib et al., 2016]. The inulin gel forms a physical barrier
that immobilizes the aqueous phase, consequently inhibiting
drainage and syneresis under the influence of gravity [Bot et al,,
2004; Desu et al., 2025]. When compared with control samples
GG-0.26 and CWC, IN-12.1 and IN-14.7 exhibited better foam
stability. The serum loss observed in GG-0.26 and CWC was 4.53%
and 12.43%, respectively, whereas samples IN-12.1 and IN-14.7
showed no serum loss under the same tested conditions. This
highlights the efficiency of inulin as a stabilizer in duck fat-based
whipped cream system. These findings enable concluding that
inulin, like other polysaccharides, stabilizes the three-phase sys-
tem, which is consistent with other polysaccharide applications
in whipped cream [Farahmandfar et al, 2017; Kovacova et al,,
2010]. The use of polysaccharides as stabilizers in whipped cre-
ams enhances the viscosity of the continuous phase and forms
a network structure. This network ensures foam stability by re-
ducing bubble coalescence and disproportionation, thereby
reinforcing the interfacial walls and preventing serum drainage.

B Microstructure of whipped cream by optical microscope
The stability of whipped cream is strongly influenced by the size
and distribution of air bubbles [Liu et al,, 2022]. Microstructure
analysis using an optical microscope revealed that increasing
the inulin content resulted in a more uniform distribution of air
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bubbles (Figure 6). The negative control sample (IN-0) showed
the largest foam size and the loosest bubble distribution. Sample
GG-0.26 showed a heterogeneous bubble-size distribution, con-
taining both large and small air bubbles. Similarly, the whipped
cream samples IN-3.3,IN-6.5, and IN-9.4 exhibited larger and un-
evenly distributed air bubbles, indicating the formation of a weak
interfacial film and insufficient stabilization of the incorporated
air. Larger bubbles generate higher internal pressure, making
them more prone to coalescence, which may explain the greater
serum loss observed in these samples. With an increase in inulin
content, a corresponding decrease in bubble size was observed,
accompanied by a more uniform distribution of air bubbles.
It is worth noting that samples IN-12.1 and IN-14.7 showed
the smallest bubble sizes, with a close and even distribution.
Small bubble size has been associated with improved long-
term foam stability in hydrophilic colloid systems [Zhan et al.,
2020]. At higher inulin contents, the formation of a continuous
and flexible inulin network within the aqueous phase likely in-
creased viscosity, thereby providing a structural framework that
stabilized air bubbles and reduced coalescence and drainage.
Overall, the microstructure analysis suggests that an adequate
inulin level (>12.1%, w/w) is required to produce a fine and uni-
form air-cell structure.

®  Confocal laser scanning microscopy images of whipped
cream
As shown in Figure 7, the negative control sample (IN-0) ex-
hibited irregular air bubbles stabilized by a protein layer at
the interface, with several fat globules forming clumps. This
underdeveloped structure accounts for its poor stability. While
intermediate inulin contents (IN-3.3, IN-6.5, and IN-9.4) exhibited
a gradual structural transition (images not shown), the IN-12.1
sample was selected as the representative stabilized model, as
it showed the most distinct shift toward uniform, spherical air
bubbles. This phenomenon could be attributed to the enhanced
structuring effects of inulin within the continuous phase. Notably,

IN-12.1

IN-14.7

sample IN-12.1 exhibited a prominent interfacial film stabilized
by sodium caseinate alongside a three-dimensional network
of inulin aggregates within the continuous phase. These struc-
tural features suggest that IN-12.1 possesses superior mechanical
strength and enhanced foam stability, as corroborated by its
rheological properties and favorable decoration performance.
Furthermore, un-adsorbed proteins observed in the continuous
phase may aggregate, further strengthening the network struc-
ture [Xu etal,, 2021]. In contrast, the guar gum reference sample
did not exhibit the same degree of integrated interfacial and con-
tinuous-phase structuring under the observed conditions.

B Decoration appearance and cross section

The ability of whipped cream to maintain its decorative shape
over time is a critical quality attribute for applications in cakes
and pastries. As illustrated in Figure 8, sample IN-0 exhibited
the poorest shaping ability, indicating that the internal net-
work structure was inadequate to withstand gravitational stress.
The shaping performance of samples IN-3.3, IN-6.5, and IN-9.4
improved progressively. Although only slight differences were
observed in viscosity among these samples, a clear improvement
in shape retention from IN-0 to IN-9.4 was evident, suggesting
thatinulin contributed to a more cohesive structure even at rela-
tively low levels. The shaping ability was enhanced, and the struc-
tural definition improved as the inulin content increased from 0
to 14.7% (w/w). The enhanced shaping feature can be attributed
to the ability of inulin to form a three-dimensional gel network,
which provides the structural support and textural stability to
whipped cream [Kim et al,, 2001]. Samples IN-12.1 and IN-14.7
had sharp edges that were well-defined and remained in a ro-
sette-like structure immediately upon piping, and retained their
structural integrity without any slumping or serum loss after 3 h
at 22°C. These observations are consistent with the results of rhe-
ological and microstructural analyses, which indicated increased
continuous-phase structuring at higher inulin contents, con-
tributing to a self-supporting matrix. Samples IN-6.5 to IN-14.7

100 pr

GG-0.26

Figure 6. Optical microscopy images (40x magnification) of duck fat-based whipped cream samples prepared without inulin (IN-0), with inulin content ranging
from 3.3% to 14.7%, w/w, (IN-3.3-IN-14.7), and with guar gum (GG-0.26), as well as a commercial whipped cream (CWC), showing the distribution and size of air

bubbles within the foam structure. The scale baris 100 pm.



Pol. J. Food Nutr. Sci., 2026, 76(2), 149-161

IN-0

IN-12.1

GG-0.26

Confocal laser scanning microscopy (CLSM) images of duck fat-based whipped cream sample without inulin (IN-0), with inulin content of 12.1%, w/w,
(IN-12), and with guar gum (GG-0.26). Fat, protein, and polysaccharides are labeled in red, green, and blue, respectively. Scale bar is 200 pm.

IN-6.5 IN-9.4 IN-12.1 IN-14.7 GG-0.26

Cross
section
view

Decorative appearance of duck fat-based whipped cream samples prepared without inulin (IN-0), with inulin content ranging from 3.3% to 14.7%,
w/Ww, (IN-3.3-IN-14.7), and with guar gum (GG-0.26), as well as commercial whipped cream (CWC), evaluated immediately after whipping (fresh) and after 3 h
of storage at 22°C. Cross-sectional images illustrate structural integrity and internal texture as influenced by stabilizer type and inulin content.
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showed no collapse after 3 h at 22°C. A higher inulin content likely
increased viscosity and strengthened the network, improving
foam stability and resistance to collapse [Farahmandfar et al.,
2017]. Although the guar gum reference sample and commer-
cial whipped cream initially formed rosettes with well-defined
spikes, both exhibited noticeable structural deterioration after
3 h.The GG-0.26 sample lost much of its spike definition, whereas
the CWC sample showed pronounced slumping and a visible
reduction in height.

As shown in Figure 8, the cross-sectional analysis
of the whipped cream samples further supports the role of inu-
lin as a potential stabilizing and structuring ingredient. Sample
IN-0 exhibited a rough, irregular surface, indicating the forma-
tion of weak internal networks and large, unstable air cells. In
contrast, an increase in inulin content from 0% to 14.7% (w/w)
resulted in a uniform, smooth, and delicate cross-sectional view,
which was even better than that of the control samples (GG-0.26
and CWCQ). The appearance of the cross-section can indicate
the stability of whipped cream, with smoother and more uniform
surfaces often correlating with greater structural integrity [Li et
al, 2023; Zeng et al.,, 2022b].

®  Sensory evaluation

Sensory scores were significantly (p<0.05) affected by inulin
contentin the duck fat-based whipped cream (Table 2). All eval-
uated attributes, including flavor and taste, texture, smoothness,
and greasiness, improved progressively as the inulin level in-
creased from 0% to 14.7% (w/w). Sample IN-0 received the lowest
scores across all attributes, consistent with its weak rheological
structure, poor foam stability, and coarse microstructure. These
properties likely resulted in a rough mouthfeel and lower overall
acceptability. Samples containing moderate to high inulin levels
(IN-94 t0 IN-14.7) showed significantly higher scores, particularly
for texture and smoothness. This trend was consistent with

increased viscosity, stronger viscoelastic behavior, reduced serum
loss, and finer air-bubble distribution, indicating that improved
structural stability enhanced sensory perception. Among the ex-
perimental samples, IN-12.1 and IN-14.7 achieved the highest
sensory ratings, with no significant differences between them
(p=0.05). Their superior performance was likely associated with
the formation of a stronger inulin-stabilized network, which pro-
vided a creamier texture, smoother mouthfeel, and lower greasy
sensation. The guar gum sample (GG-0.26) showed intermediate
and IN-14.7, suggesting that inulin
was more effective than guar gum in enhancing sensory quality
under the tested conditions. Although the commercial whipped
cream (CWC) obtained the highest scores overall, the addition
of 12.1-14.7% (w/w) inulin significantly improved the sensory

scores, lower than IN-12.1

quality of the duck-fat-based whipped cream relative to the low-
er-inulin formulations. Overall, the sensory assessment results
were consistent with the instrumental findings, confirming that
improvements in rheological and microstructural properties
contributed to enhanced product acceptability. It should be
noted that the experimental samples were formulated with-
out added flavoring agents. Future research should investigate
appropriate flavor optimization strategies to further enhance
sensory acceptability.

CONCLUSIONS

This study demonstrates that natural inulin can effectively serve
as a structuring stabilizer in duck-fat-based whipped cream, ena-
bling the development of a functional product with quality char-
acteristics approaching those of commercial cream. The whip-
ping performance, rheology, decoration appearance, shape re-
tention ability, microstructure, and sensory qualities of whipped
cream were systematically evaluated. As the inulin content in-
creased, more non-adsorbed inulin was present in the liquid
phase of the whipped foams, which aggregated and cross-linked,

Table 2. Sensory evaluation scores of duck fat-based whipped cream samples prepared without inulin (IN-0), with inulin content ranging from 3.3% to 14.7%, w/w,
(IN-3.3-IN-14.7), and with guar gum (GG-0.26), as well as commercial whipping cream sample (CWC).

2.10+0.36' 3.50+0.50
IN-33 4464055 4.10+036°
IN-6.5 5.63+032¢ 536+061¢
IN-9.4 6.53+047¢ 7.00+0.20¢
IN-12.1 7.56+0.30 8204026
IN-14.7 8.16+0.30° 8.73+037°
GG-0.26 5.53+045¢ 5504045
cwC 9434040 976+025°

2.50+0.501 3.80+0.36
4.00+0.50° 453+030°
536+040¢ 5.20+0.30°
7.20+043¢ 5.86+020°
823+0.15° 7.4620.15°
8334030 7.50+0.40P
5.46+0.40¢ 5.80+0.20°
9.90+0.17° 9534025

Values are expressed as mean + standard deviation. Different letters in the same column indicate significant differences among whipped cream samples (p<0.05).
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resulting in enhanced rigidity of the continuous phase. As a re-
sult, the cross-section’s smoothness and the whipped cream’s
shaping ability improved. Higher inulin contents (>12.1%, w/w)
resulted in a more rigid structure, increased viscosity, longer
whipping times, and reduced overrun. These changes contrib-
uted to greater foam stability, as shown by samples IN-12.1
and IN-14.7. Samples with high inulin levels (>12.1%, w/w) ex-
hibited more favourable sensory qualities than those with lower
levels. Overall, this paper highlights the importance of inulin as
a potential stabilizer in duck-fat whipped cream. The addition
of inulin to whipped cream not only improved texture and sta-
bility but may also provide added functional value through its
recognized prebiotic benefits.
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Instant Noodles from Climate-Resilient Crops: Nutritional Quality,
Sensory Acceptance, and Satiety of Sago-Bambara Groundnut
Noodles Compared with Conventional Wheat Noodles
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Climate-resilient crops, such as sago (Metroxylon sagu Rottb.) and Bambara groundnut (Vigna subterranea (L.) Verdc.), offer
promising solutions to enhance food security, nutritional quality, and sustainability under climate change. This study aimed to
develop instant noodles based on sago starch enriched with Bambara groundnut flour and to evaluate their physicochemical
properties, nutritional composition, sensory acceptability, and satiety response in comparison with conventional wheat-based
instant noodles. Four different ratios of sago starch to Bambara groundnut flour were used 100:0 (F0), 70:30 (F1), 60:40 (F2),
and 50:50 (F3) (w/w). The results demonstrated that sago-Bambara groundnut noodles exhibited a significantly higher total die-
tary fiber content (9.4—12.2 g/100 g dry matter basis, db) than sago noodles (4.5 g/100 g db) and wheat noodles (2.5 g/100 g db).
However, sensory evaluation in the hedonic test showed that increasing the ratio of Bambara groundnut flour in the formula
decreased noodle sensory acceptability. Therefore, formula F2 (60:40, w/w) was selected as the optimal. The quantitative de-
scriptive sensory analysis (QDA) demonstrated that the noodles made according to this formula exhibited stronger off-beany
and beany aroma, savory and starchy taste, off-beany and beany aftertaste, hardness and graininess mouthfeel compared to
the sago noodles. Notably, the satiety index measurement using the visual analogue scale (VAS) questionnaire showed that
the sago-Bambara groundnut noodles sustained a 50% fullness level for a significantly longer time (135 min) than wheat
noodles (77 min) and demonstrated a higher satiety index (122% vs. 90%). These findings demonstrate that instant noodles
formulated entirely from climate-resilient crops can enhance nutritional quality and satiety compared to the conventional
wheat-based instant noodles, while remaining sensorially acceptable.

Keywords: cereal products, high-fiber food, Metroxylon sagu, satiety index, Vigna subterranea

INTRODUCTION [Septiani & Sugiatmi, 2026]. Instant noodles are processed foods

Obesity, as a multifactorial metabolic disorder characterized by
excess fataccumulation due to an energy imbalance, has become
a global nutritional problem, which according to the World Health
Organization (WHO), afflicts one in eight people in the world [WHO,
2024]. One primary contributing factor to obesity is the frequent
consumption of ultra-processed food, such as instant noodles

that contain high calories, saturated fats, and sodium but are gen-
erally low in essential nutrients, such as fiber, vitamins, and minerals
and are often associated with a high glycemic response and low
satiety response [Huh etal, 2017; Salihu et al,, 2025]. Conventional
instant noodles are predominantly produced using refined wheat
flour. The increasing reliance on wheat, particularly in regions
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where it is not locally produced, raises concerns regarding food
system vulnerability [Farhan et al, 2025]. This vulnerability is exac-
erbated as climate change poses additional challenges to global
food security [Begna & Wakweya, 2026], emphasizing the urgent
need to diversify staple food sources with climate-resilient crops
[Benitez-Alfonso et al, 2023].

Sago (Metroxylon sagu Rottb.) and Bambara groundnut (Vi-
gna subterranea (L.) Verdc.) are underutilized crops that exhibit
strong adaptability to marginal environments, drought tolerance,
and stable yields under adverse climatic conditions [Bintoro et al,,
2018;Tan etal, 2020]. Sago is a traditional source of starch in some
tropical regions that contains high levels of carbohydrates, ap-
proximately 84.7 g per 100 g of starch [Moshawih et al,, 2025], but
has a low protein content (0.9 g/100 g starch) [Ministry of Health,
2018]. Consequently, food products developed primarily from
sago tend to have a limited protein content; for instance, previ-
ous studies have reported that sago-based noodles contain only
3.07 g protein/100 g [Dewita et al,, 2019]. In contrast, Bambara
groundnut is a legume rich in protein (17-25 g/100 g), with
a relatively balanced amino acid profile [Maphosa et al., 2022].
Therefore, the partial substitution of sago starch with Bambara
groundnut flour is expected to significantly improve the nutri-
tional quality of sago-based products, particularly by increasing
their protein content. The complementary nutritional character-
istics of these two climate-resilient crops suggest their potential
for the development of nutritionally-enhanced staple foods.

Previous research has demonstrated the effectiveness
of legume substitutions in noodle formulations; for instance,
substituting wheat flour with 25% chickpea flour increased
the protein content of noodles from 12.79 to 15.31 g/100 g
[Bayomy & Alamiri, 2022]. However, research on the integration
of fully climate-resilient crops into instant noodle formulations
remains limited. In particular, the combined use of sago starch
and Bambara groundnut flour in instant noodles has not been
extensively investigated, especially regarding the enhancement
of protein and dietary fiber levels and satiety-related outcomes.
Given the growing interest in functional convenience foods that
support appetite regulation and metabolic health, the evalua-
tion of satiety responses alongside nutritional composition is
becoming increasingly relevant.

Therefore, this study aimed to develop instant noodles based
on sago starch enriched with Bambara groundnut flourand com-
pare their nutritional quality and satiety properties with those
of conventional wheat-based instant noodles. By linking climate
resilience, nutritional improvement, and consumer-relevant func-
tional outcomes, this study contributes to the development
of sustainable and healthier instant noodle alternatives.

To achieve these objectives, this study was conducted
in several stages, including (1) formulation of sago noodles
with Bambara groundnut flour, (2) assessment of their physical
characteristics and nutritional content, (3) their sensory evalua-
tion, and (4) their satiety index measurement.

163

MATERIALS AND METHODS

= Materials

There were two main materials that have been used in this
research, i.e, sago (M. sagu) starch and Bambara groundnut
(V. subterranea) beans. The Bambara groundnut was purchased
from the traditional marketin Bogor, Indonesia. As many as 40 kg
of beans have been used in a single run of Bambara groundnut
flour. The sago starch (20 kg) was procured from the local farm-
er in Banggai, Central Sulawesi, Indonesia. Commercial all-salt
(Refina, UnichemCandi Indonesia, Sidoarjo, Indonesia), sodium
tripolyphosphate (Sodium tripolyphosphate, Aditya Birla Chemi-
cals, Samut Prakan, Thailand), and wheat-based instant noodles
(Indomie, Indofood, Jakarta, Indonesia) were purchased at a local
market in Bogor, Indonesia.

u  Production of sago and Bambara groundnut noodles
The production of the sago and Bambara groundnut noodles
consisted of two main stages, i.e, sago flour and Bambara
groundnut flour preparation, and noodle preparation. To pro-
duce sago flour, sago starch was sun-dried for 18 h. Dried sago
starch was ground and sieved using an 80-mesh screen to obtain
sago flour. To produce Bambara groundnut flour, the beans were
soaked for 12 h. Then, they were boiled at 90°C for 10 min to
inactivate lipoxygenase and eliminate the beany flavor [Chong
etal,2019]. The beans were dried using a cabinet dryer (CTM SRL
Manufacture, Milan, Italy) at 90°C at 10 rpm. Dried beans were
milled using a pin disc mill and sieved using an 80-mesh screen
to obtain Bambara groundnut flour.

The development of the sago and Bambara groundnut noodle
formulations was conducted as a trial-and-error process based on
the Agustia et al. [2016] recipe before producing the final noodle
product. Formulas of noodles with different flour composition
used in this study have been adjusted to the Indonesian National
Standard to meet the requirements of instant noodle quality
standards [BSN, 2018] and the high-fiber claims for processed food
products [Indonesian Food and Drug Authority, 2022]. The for-
mulas contained different ratios of sago flour (SF) and Bambara
groundnut flour (BGF): FO (100% SF), F1 (70% SF:30% BGF, w/w),
F2 (60% SF:40% BGF, w/w), and F3 (509% SF:50% BGF, w/w) (Table 1).

Sago flour was mixed into 100 mL of water and cooked
at 90°C for 1 min until it thickened to produce a gelatinized
sago starch. Then, it was mixed with Bambara groundnut flour
and otheringredients, including sodium tripolyphosphate (0.5%
of recipe ingredients, w/w) and salt (0.5% of recipe ingredients,
w/w) using a mixer (Miyako HM-620, Jakarta, Indonesia) until
a smooth dough was formed. A dough made from wheat flour,
instead of SF and BGF, was also prepared. The noodles were
formed using a roll press (Ardin CM2020, Jakarta, Indonesia)
with a length of £15 cm and dried at 105°C for 60 min in an
oven (Kirin KBO 190RA, Jakarta, Indonesia). The dried noodles
were boiled at 100°C for 7-9 min and allowed to cool to room
temperature prior to analysis.
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Table 1. Formulas of noodles with different ratios of sago flour (SF) and Bambara groundnut flour (BGF).

0(34.7) 0 (29.7) 0(24.8)

Sago flour g (%) 100 (49.5)

Bambara groundnut flour g (%) 0(0) 30(14.9) 40(19.8) 50 (24.8)
Salt (NaCl) g (%) 1(0.5) 1(0.5) 1(0.5) 1(0.5)
Sodium tripolyphosphate g (%) 1(0.5) 1(0.5) 1(0.5) 1(0.5)
Water mL 100 (49.5) 100 (49.5) 100 (49.5) 100 (49.5)

FO, formula of noodles made from SF; F1, formula of noodles made from SF and BGF in a 70:30 (w/Ww) ratio; F2, formula of noodles made from SF and BGF in a 60:40 (w/w) ratio; and F3,

formula of noodles made from SF and BGF in a 50:50 (w/w) ratio.

= Analysis of physical characteristics
The physical characteristics of the noodles were assessed by
evaluating their color and texture. The color was measured using
a chromameter (AMT511, Amtast, Lakeland, FL, USA), calibrated
with a provided set of black and white plates. The CIELab color
space was defined by L* a* and b* values, which represent
lightness (dark-bright), redness (green-red), and yellowness
(blue—yellow), respectively.

The firmness was measured using a texture analyzer (TA.
XT Plus, Stable Micro Systems, Godalming, UK). Three strands
of cooked noodles were placed parallel to each other on the plat-
form and positioned perpendicular to the Asian Noodle Rig
(HDP/ANR) probe. Compression was initiated at a pre-test
speed of 1 mm/s, a test speed of 2 mm/s, and a post-test speed
of 10 mm/s with a compression distance of 9.9 mm and a strain
level of 10%. The test was activated by a trigger force of 0.049 N
and trigger distance of 2 mm until the sample was compressed
with a force of 0.981 N and break sensitivity of 0.098 N. The firm-
ness value was obtained from the maximum force required to
compress the noodle strands, expressed in Newton (N).

= Nutrient content determination

The nutrient content determination of sago and Bambara
groundnut noodles included determining the moisture content
using the gravimetric method (AOAC International method no.
2005:925.10), ash content using the gravimetric method (AOAC
2005:923.03), protein content using the Kjeldahl method (AOAC
2005:955.04), lipid content using the Soxhlet method (AOAC
2005:920.39¢), carbohydrate content using the by-difference
method, and dietary fiber content (total, soluble and insoluble)
using the enzymatic gravimetric method [AOAC, 2005]. The avail-
able carbohydrate content was calculated as the difference
between the carbohydrate content and the dietary fiber content.
The results of nutrient content were expressed on a dry matter
basis (db) of noodles.

®  Sensory evaluation

The research protocol of sensory evaluation has been reviewed
and approved by the Human Research Ethics Committee of Bo-
gor Agricultural University in Bogor, Indonesia, with the approval
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number 1633/IT3 KEPMSM IPB/SK/2025.The sensory evaluation
consisted of two tests: a hedonic acceptance test and a quantita-
tive descriptive analysis.

The sensory attributes assessed in the acceptance test
included appearance, aroma, taste, mouthfeel, aftertaste,
and overall acceptability of noodles. Sensory attributes were
assessed using a 9-point hedonic scale ranging from 1 (dislike
extremely) to 9 (like extremely), based on the level of prefer-
ence for each sensory attribute assessed. Thirty semi-trained
panelists (23 women and 7 men) aged 18—40 years participated
in the study. The inclusion criteria for panelists in the sensory
evaluation were as follows: willingness to participate in the sen-
sory evaluation; consistency in decision-making; absence of ear,
nose, and throat disorders; normal color vision; no allergies to
ingredients contained in the noodle formulations; required to
fast for 1 h prior to the sensory evaluation; avoid consuming
pungent foods before sensory evaluation; and prohibited using
strongly scented cosmetics such as perfumes during the sensory
evaluation [ISO 8586:2014].

The quantitative descriptive sensory analysis (QDA) was carried
outonly on the sago flour noodles (FO; as control) and optimal noo-
dle formula made from SF and BGF in ratio 40:60, w/iv (F2). The selec-
tion of noodle formula for QDA and satiety index measurement was
made by considering the most relevant results from the nutritional
composition analysis and hedonic sensory evaluation.

The QDA involved 11 trained panelists who were selected
using the Ishihara test, matching test, triangle test, and ranking
test. The QDA procedure was carried out in two main stages:
a focus group discussion (FGD) to identify sensory attributes,
followed by an assessment of the intensity of each attribute.
The sensory attributes assessed included aroma, taste, mouth-
feel, and aftertaste. The sensory attributes were assessed using
an intensity scale ranging from 0 (very weak) to 10 (very strong)
(ISO 8586:2014].

m Satiety index measurement

The research protocol of satiety index measurement has been
reviewed and approved by the Human Research Ethics Com-
mittee of Bogor Agricultural University in Bogor, Indonesia, with
the approval number 1633/IT3.KEPMSM IPB/SK/2025.
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Table 2. Subject characteristics for satiety index assessment.

] Age BMI FBS
SUbjeCt Soc n (kg/mZ) (mg/d L)
01 25 213 85

Female
02 Female 22 214 89
03 Female 24 219 79
04 Female 23 233 88
05 Female 24 19.1 90
06 Female 23 19 91
07 Female 21 216 96
08 Female 20 209 88
09 Female 24 229 94
10 Female 19 223 94
11 Male 24 217 97
12 Male 24 209 99
13 Male 22 21.7 92
14 Male 21 22.1 79
15 Male 21 228 83
16 Male 25 225 86
17 Male 24 21 93
Mean 22.71 2155 89.59
SD 1.79 118 5.86
%CV 78 54 6.5

BMI, body mass index; FBS, fasting blood sugar; SD, standard deviation; %CV, coefficient
of variation.

Seventeen subjects participated in this study, including
ten women (58.8%) and seven men (41.2%) with an average
age of 22.91+1.30 years (Table 2), who were selected us-
ing a purposive sampling method. The inclusion criteria for
the subjects of this study were as follows: (1) man or woman
aged between 20 and 25 years, (2) a normal body mass index
(BMI) (18.5-22.9 kg/m?), (3) a normal fasting blood sugar level
(<100 mg/dL), (4) no allergies or food intolerance, (5) engaged
in light to moderate physical activity, and (6) normal dietary be-
havior. The exclusion criteria for the subjects of this study were
(1) pregnancy or breastfeeding (for female subjects), (2) active
smokers, (3) consuming alcohol, (4) experiencing digestive dis-
orders and/or eating disorders, and (5) undergoing medications
that can affect eating habits. One subject was excluded due to
human errorin completing the questionnaire. The satiety scores
of the excluded subject exhibited abnormal fluctuations that
deviated significantly from those of the other subjects, resulting
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in outlier data for the satiety index measurement. A sample
size of 17 was considered acceptable for a satiety index study
[Forde, 2018]. The homogeneity of subject characteristics was
determined using the coefficient of variation percentage (%CV).
If the %CV <5% for body mass index and %CV <33% for fasting
blood sugar, then the subject characteristics were considered
homogenous [Jamaiyah etal, 2010; Mo et al,, 2021]. The %CV was
calculated using Equation (1) [Ulijaszek & Kerr, 1999]:

0y = Standarddeviation 40,
Mean

m

The satiety index measurement was conducted on four
different days with a 6-day washout period between the tested
foods to ensure that the physiological condition had returned
to normal [Nolan et al,, 2016]. Subjects were required to fast
for 8-10 h before the test. After fasting, they consumed iso-
caloric food (240 kcal) and one cup of water (220 mL) within
amaximum of 15 min.The isocaloric foods given to the subjects
consisted of standard and test foods. White bread was used as
a standard food, according to Holt et al. [1995]. The tested foods
were FO (100% SF), F2 (60% SF:40% BGF, w/w), and wheat noo-
dles. According to their energy content, the portion of FO was
55.9 g, that of F2 was 55.1 g, that of wheat noodles was 37.4 g,
and that of white bread was 100.0 g. The tested foods were
served with 250 mL of broth and seasonings. Then, the four
parameters of the satiety index: (1) hunger score, (2) fullness
score, (3) desire to eat score, and (4) food quantity score, were
measured using the 100-mm visual analogue scale (VAS) ques-
tionnaire at 0, 30, 60, 90, 120, 150, and 180 min after consump-
tion of the tested foods.

The scores of hunger, fullness, desire to eat, and food quantity
were plotted on a graph to calculate the area under the curve
(AUC). The curve was scaled in units of sampling time (counted
inhours) and fullness index, which was expressed as a ruler scale
in mm. The AUC was calculated using the trapezoid method
and expressed as mmxh. The satiety index was calculated by
comparing the AUC of the tested food with that of the standard
food for each subject. Then, the satiety index was calculated
using Equation (2) based on Holt et al. [1995]:

AUC of tested food

X 100%
AUC of standard food 0

Satiety index =

m  Statistical analysis

The data for each parameter were presented as mean and stand-
ard deviation of triplicated measurements/determinations. Sta-
tistical analysis was performed using Excel 2016 for Windows
(Microsoft, Redmond, WA, USA) and IBM SPSS Statistics (version
26.0; IBM Corp., Armonk, NY, USA). The results of the determina-
tion of the physical characteristics, nutritional composition, he-
donic sensory evaluation, and satiety index were analyzed using
the one-way analysis of variance (ANOVA), followed by the Dun-
can’s multiple range test. However, the results of the quantitative
descriptive analysis were analyzed using the independent t-test.
The differences were considered significant at p<0.05.
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RESULTS AND DISCUSSION

= Physical characteristics

The firmness values of noodles made from sago and Bambara
groundnut flours are shown in Table 3. The incorporation of Bam-
bara groundnut flour into the recipe significantly (p<0.05) de-
creased the firmness of the noodles compared to those made
from sago flour. However, the firmness exhibited no significant
difference (p>0.05) among the F1, F2, and F3 samples. Similar
results were reported by Singthong et al. [2026], according to
whom the noodles substituted with 50% kidney bean flour had
significantly decreased firmness compared to the rice and tapi-
oca flour noodles. The incorporation of legume flour can disrupt
the starch structure, which causes firmness reduction [Singthong
et al., 2026]. The protein and fiber in legume flour form physi-
cal barriers around starch granules and aggressively compete
for available water. These macromolecules restrict the swell-
ing required for starch gelatinization, disrupting the formation
of the starch gel network. This process may weaken the struc-
tural integrity of the noodle matrix, resulting in softer noodles
[Singthong et al., 2026].

The color coordinate values of the noodles made from sago
and Bambara groundnut flours are shown in Table 3. Addition-
ally, the appearance of cooked noodles is presented in Figure 1.
The substitution of the Bambara groundnut flour significantly
(p<0.05) decreased the lightness (L¥), redness (a*), and yellow-
ness (b*) values of noodle color compared to those made from

sago flour (Table 3). Similar findings were reported by Mashau
etal. [2022], who showed that the crust and crumb of steamed
breads fortified with Bambara groundnut flour had significantly
lower [*and a* values compared to the steamed wheat bread, al-
though anincrease in b* value was noted, in contrast to the noo-
dles in our study. The darker color of the noodles might be due
to the presence of color flavonoids and tannins in the Bambara
groundnut seeds, especially in the seed coat [Palamae et al,,
2024; Pretorius et al., 2023].

= Nutritional composition

The nutritional composition of the sago and Bambara groundnut
flours as well as noodles made from these flours is presented
in Table 4. Data on wheat noodles is also shown in Table 4.
The energy value and nutrient content of the noodles made
from sago and Bambara groundnut flour were significantly
different (p<0.05) from those of wheat noodles. The contents
of carbohydrates, available carbohydrates, and total dietary fiber
of the noodles made from sago and Bambara groundnut flour
were significantly higher (p<0.05) compared to wheat noodles.
However, the energy value and contents of protein and lipids
of the noodles made from sago and Bambara groundnut flour
were significantly lower (p<0.05) than those of the wheat noo-
dles.The use of Bambara groundnut flour in the noodle formula
significantly (p<0.05) increased the energy value and contents
of protein, lipids, total dietary fiber, soluble dietary fiber, insoluble

Table 3. Physical characteristics of noodles made from sago flour (SF) and Bambara groundnut flour (BGF) used in different ratios.

Physical characteristic FO0 (100:0) F1(70:30) F2 (60:40) F3 (50:50)

80.8+0.7° 773+0.5° 76.2+0.7° 74.9+0.4¢
a* 10.0£0.4° 63+0.2° 60403 57402°
b* 15.041.12 9.140.3° 8620.6° 7.9405°
Firmness (N) 53.0+1.22 33.9+4.7° 285+1.2° 274+00°

Results are shown mean + standard deviation. Different superscript letters in each row indicate significant differences at p<0.05, analyzed using Duncan's multiple range test. FO, noodles
made from SF; F1, noodles made from SF and BGF in a 70:30 (w/w) ratio; F2, noodles made from SF and BGF in a 60:40 (w/w) ratio; and F3, noodles made from SF and BGF in a 50:50 (w/w)
ratio; L* lightness; a* redness; b* yellowness.

FO F1 F2 F3

Figure 1. Appearance of noodles made from sago flour (SF) and Bambara groundnut flour (BGF) used in different ratios. FO, noodles made from SF; F1, noodles
made from SF and BGF in a 70:30 (w/w) ratio; F2, noodles made from SF and BGF in a 60:40 (w/w) ratio; and F3, noodles made from SF and BGF in a 50:50 (w/w) ratio.
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Table 4. Nutritional composition of wheat noodles and noodles made from sago flour (SF) and Bambara groundnut flour (BGF) used in different ratios.

Nutritional composition FO0 (100:0) F1(70:30) F2 (60:40) oz
noodles

Energy (g/100 g db) 401+0.0f 424+03°
Protein (g/100 g db) 04+0.0° 18.7+0.0°
Lipid (9/100 g db) 05+00f 7.6+0.0°
Carbohydrate (/100 g db) 98.6+0.0°? 70.2+0.0
Available carbohydrate (g/100 g db) = =
Total dietary fiber (g/100 g db) = =
Soluble dietary fiber (g/100 g db) = =
Insoluble dietary fiber (g/100 g db) = =
Moisture (g/100 g wb) 14.5+0.1° 9.7+0.0°
Ash (g/100 g db) 0.5+0.0f 3.5+0.0°

393+0.39 403+03° 406+0.2¢ 409+0.7¢ 48140.1°
21401 6.5+0.0° 8.6+0.0 10.6+0.2° 12.0+0.1°
0.0+0.09 29+00° 364019 45+0.1¢ 17.320.0°

96.0+0.2° 87.9+0.1¢ 84.7+0.2¢ 81.8+03° 69.4+0.19

91.7+03° 785+0.1° 736+0.1 69.7+0.1¢ 66.9+0.1¢
454029 94+0.1¢ 11.1£03° 12.2+0.12 25400°
1.140.29 2.1200° 25+0.1° 28+0.1° -
3.4+0.0¢ 73+0.1¢ 8.5+04° 94+0.2? -
55+03° 7.3+03¢ 6.7+03¢ 46202 66200
1.9+0.1 28+08° 31407° 324020 13+0.0°

Results are shown mean + standard deviation. Different superscript letters in each row indicate significant differences at p<0.05, analyzed using Duncan’s multiple range test. FO, noodles
made from SF; F1, noodles made from SF and BGF in a 70:30 (w/w) ratio; F2, noodles made from SF and BGF in a 60:40 (w/w) ratio; and F3, noodles made from SF and BGF in a 50:50 (w/w)

ratio; db, dry basis; whb, wet basis.

dietary fiber, and ash of the noodles compared to the con-
trol sample made from sago flour. Meanwhile, the substitu-
tion of sago starch with Bambara groundnut flour significantly
(p<0.05) decreased the carbohydrate and available carbohydrate
contents of the noodles compared to the control sample made
from sago flour. Similar results were reported by Makhuvha et al.
[2024], who found that substituting wheat flour with 25% Bam-
bara groundnut flour in pasta significantly increased the protein,
lipid, fiber, and ash contents, while decreasing the carbohydrate
content compared to wheat flour pasta. Based on the Indonesian
Food and Drug Authority regulation [2022] regarding the su-
pervision of food labeling and advertisements, the developed
noodle formulas demonstrate significant potential for nutri-
tional claims. The FO noodle formula meets the claim criteria for
a'source of fiber' food product (=3 g/100 g), while F1,F2,and F3
formulas for a’high-fiber’ food product (=6 g/100 g). High-fiber
foods are associated with higher satiety index scores, leading
to a more sustained feeling of fullness [Gerstein et al, 2004].
Consequently, enhancing satiety through fiber intake serves as
a strategic approach to mitigating the risk of excess energy intake
and subsequent weight gain [Hervik & Svihus, 2019; Savastano
etal,2014].

= Sensory characteristics

The results of the sensory characteristics assessment in the he-
donic acceptance test of the noodles made from sago flour
and Bambara groundnut flour are presented in Table 5.The scor-
ing of the hedonic attributes of F1 and F2 did not differ sig-
nificantly (p>0.05). However, the higher proportion of Bambara
groundnut flour in the noodle formula resulted in the taste,
mouthfeel, aftertaste, and overall acceptance of F3 being

Table 5. Sensory characteristics in the hedonic acceptance test of noodles
made from sago flour (SF) and Bambara groundnut flour (BGF) used in
different ratios.

T e [

Appearance 59+1.7¢ 6.1£1.4° 5.2+15°
Aroma 6.0+1.1° 6.3+1.1° 57+1.3%
Taste 5641.7% 6.0+13° 51414
Mouthfeel 51418 5.6+14° 45+14°
Aftertaste 544142 58+1.12 50+1.3°
Overall acceptance 59+14% 6.2+1.22 5.2+1.5°

Results are shown mean + standard deviation. Different superscript letters in each row
indicate significant differences at p<0.05, analyzed using Duncan’s multiple range test.
F1, noodles made from SF and BGF in a 70:30 (w/w) ratio; F2, noodles made from SF and
BGF in a 60:40 (w/W) ratio; and F3, noodles made from SF and BGF in a 50:50 (w/W) ratio.

significantly (p<0.05) lower rated by panelists than F2. These
noodles did not differ significantly (p>0.05) only in the appear-
ance and aroma. The overall result of the sensory hedonic ac-
ceptance test indicates that the noodles made from sago flour
and Bambara groundnut flour received hedonic scores between
5and 6, indicating they fell within the ‘like moderately’category
and were generally accepted by the panelists.

Since noodles F1and F2 received higher scores in the hedon-
ic acceptance test than F3 and, at the same time, F2 had a more
favorable nutrient composition than F1 (especially a higher
dietary fiber content), the F2 noodles were selected for QDA
and satiety index measurement.
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Table 6. Sensory attributes and intensity standards used in the quantitative descriptive analysis of noodles.

Off-beany The aroma associated with uncooked or raw beans Bambara groundnut flour
Aroma Onion The aroma associated with fried onions Onion oil 10
Beany The aroma associated with cooked or boiled beans Boiled Bambara groundnut 10
. . : ) 0.2% NaCl solution 2
Salty The salt taste on the tongue associated with sodium chloride 0.8% NaCl solution 8
The savory taste on the tongue associated with monosodium 0.18% MSG solution 2
Savory 5 A
Tasie glutamate 0.72% MSG solution 8
Starchy The starch taste on the tongue associated with sago flour Sago flour 10
Onion The fried onion taste on the tongue Onion ail 10
Ol The |nter\5|ty of ta;te hnglerlng in the mouth for 15 s after Seis greundlui e 10
swallowing associated with uncooked or raw beans
oy — Beay The intensity ofta;te hng.enng in the mogth for 15 s after ol e e 10
swallowing associated with cooked or boiled beans
Sty The mtepsny ofta;te hng.erlng in the mouth for 15 s after Seigo o 10
swallowing associated with starch or flour
Serglinss The ra}e of return of the sample to its original shape after Wheat noodle 10
chewing
Mouthfeel Hardness The force required to bite the sample completely with the Wheat noodle 10
molars
Graininess Degree to which grains are perceived in the mouth Bambara groundnut flour 10

Thirteen sensory attributes were selected by the panel
in QDA of the sago flour noodles and noodles made from
sago flour and Bambara groundnut flour. These sensory attrib-
utes and intensity standards used are listed in Table 6. Scores
of eight attributes exhibited significant differences (p<0.05)
between FO and F2, comprising two aroma, two taste, two
aftertaste, and two mouthfeel attributes (Figure 2). The sub-
stitution of sago starch with 40% (w/w) Bambara groundnut
flour resulted in a stronger off-beany aroma, beany aroma,
savory taste, starchy taste, off-beany aftertaste, beany aftertaste,
hardness mouthfeel, and graininess mouthfeel of the noodles
compared to the sago noodles. The stronger beany aroma
of noodles made from both flours compared to the sample
without Bambara groundnut flour may be due to activity of li-
poxygenase of Bambara groundnut [Kudre & Benjakul, 2013].
Lipoxygenase catalyzes the oxidation of polyunsaturated fatty
acids, such as linoleic acid, resulting in aldehyde compounds
that produce a beany aroma [Kudre & Benjakul, 2013]. Although
blanching can inactivate the lipoxygenase [Chong et al., 2019],
the decrease in enzyme activity depends on the tempera-
ture and time [Estiasih et al. 2025]. According to Nguyen et al.
[2025], lipoxygenase activity remains at 32-63% after heating
at 80-90°C for 25 min. Consequently, the sub-optimal heating
temperatures and times lead to the incomplete inactivation
of the lipoxygenase enzyme. Furthermore, the substitution
of Bambara groundnut flour significantly enhances the savory
taste of the noodles, due to its high glutamic acid content
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(18.31 g/100 g) [Aremu et al,, 2025]. This amino acid is present
naturally in protein-rich foods that produce a savory taste [Ja-
hanshiri et al., 2022]. Moreover, it also enhances the graininess
of the noodles, because the insoluble fiber content exceeding
2% is known to induce a gritty texture in the mouth [Aussan-
asuwannakul et al., 2022; Chakraborty et al., 2019], which is
further exacerbated by insufficiently fine flour sieving during
the processing [lju et al., 2025].

m  Satiety index

The satiety index is a measure that evaluates the level of sa-
tiety produced by a test food compared to that produced by
a standard food, and is expressed as a percentage [Forde, 2018].
The nutrient content of the tested noodles and wheat bread
used as a standard food per 240 kcal, satiety scores, and satiety
indices are shown in Table 7. A significant difference (p<0.05)
was found in the satiety index between sago noodles (FO),
noodles made from sago and Bambara groundnut flours (F2)
and wheat noodles. The satiety index values of the tested foods,
in the order of wheat noodles, sago noodles as control sample,
and sago noodles with Bambara groundnut flour, were 90%,
113%, and 122%, respectively. The satiety index of the noodles
made from sago and Bambara groundnut flours was significantly
higher than that of the wheat noodles, indicating that the sub-
stitution of sago starch with 40% (w/w) Bambara groundnut
flour resulted in a greater sense of fullness. As shown in Table 7,
the sago noodles with and without Bambara groundnut flour
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Off-beany aroma*

Hardness* \\ Beany aroma*

Springiness : Salty taste
Starchy aftertaste / Savory taste
Beany aftertaste* Y _ -7 Starchy taste*
Off-beany aftertaste* Onion taste
— F0
—R

Figure 2. Results of quantitative descriptive sensory analysis (QDA) of noodles made from sago flour (FO) and sago and Bambara groundnut flours used in a 60:40
(w/w) ratio (F2). Asterisks indicate significant differences at p<0.05, analyzed using independent t-test.

Table 7. Nutrient composition of a portion (240 kcal) of white bread, wheat noodles, and noodles made from sago flour (F0), and from sago and Bambara groundnut
flours in a ratio of 60:40, w/w (F2), as well as satiety scores and satiety index for these food products.

White bread FO0 (100:0) F2 (60:40) Wheat noodles

Nutrient content

Protein (g) 9.9+0.0* 1.1%0.14 44+0.0° 53+0.1°
Lipid () 4.7+0.0° 0.0+0.0¢ 1.940.1¢ 7.7+0.0°
Carbohydrate (g) 484+36° 480+0.2° 40.5£0.2¢ 30.8+0.1¢

Available carbohydrate (g) 454+0.1° 45.8+04° 35.2+0.1° 29.7+0.1¢
Total dietary fiber (g) 3.0+0.1° 24+0.1¢ 5.7+0.2° 1.140.04

Soluble dietary fiber (g) 0.7+0.0° 0.6+0.1¢ 1.340.0° -

Insoluble dietary fiber (g) 23+0.1° 1.8£0.0° 44+0.2° =
Moisture (mL) 354+04° 34.640.0° 36+0.0° 254+0.0°
Weight per 240 kcal (g) 100 559 55.1 374

Satiety score

Hunger (mmxh) 44.6+6.9° 386+7.9¢ 36.4+8.9¢ 5144179
Fullness (mmxh) 548+7.1° 61.6+8.22 65.8+8.22 46.6+1 73b
Desire to eat (mmxh) 459+59° 38.5+8.7¢ 36.9+8.0° 5554167
Food quantity (mmxh) 4554740 37.948.9¢ 37.3£11.0° 5424152
Satiety index (%) Reference 113+15° 122+178 90+31¢

Results are shown mean + standard deviation. Different superscript letters in each row indicate significant differences at p<0.05, analyzed using Duncan’s multiple range test.
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significantly (p<0.05) reduced hunger, increased fullness, de-
creased desire to eat, and decreased food quantity compared
to wheat noodles.

Figure 3 shows that the curve of the fullness index of the sago
noodles with Bambara groundnut flour exceeds the standard
white bread food curve, indicating that it can provide a longer
feeling of fullness than white bread. The regression equations
showed that sago noodles with Bambara groundnut flour
(y=—0.344x + 96.354) reached a 50% level of fullness at 135 min.
In comparison, white bread (y= —0.384x + 89.361) and wheat
noodles (y= —0.296x + 72.911) reached the same level of full-
ness significantly faster, i.e, at 102 min and 77 min, respectively.
Therefore, it can be concluded that the consumption of noodles
made from sago and Bambara groundnut flours in a 60:40 (w/wv)
ratio can prolong the feeling of fullness for up to 45 min longer
than white bread, and even further up to 58 min longer than
wheat noodles. These findings are consistent with observations
made by Ridwan et al. [2024], who reported that tuber-bread
with 60% Bambara groundnut flour could prolong the feeling
of fullness up to 95 min longer than white bread. The increased
feeling of fullness was due to the fact that F2 portion served had
the highest content of total fiber (5.7 g) compared to FO portion
(2.4 g) and wheat noodle portion (1.1 g) (Table 7). According to
Palupi et al. [2024], the consumption of foods high in fiber can

100

—&— White bread

—e— Noodles made from sago
and Bambara grounds
flours

Wheat noodle
75

50 —

Fullnes index (mm)

25

Time (min)

Figure 3. Visual analogue scale for the fullness index at fasting intervals of 30,
60, 90, 120, 150, and 180 min after the consumption of white bread, wheat
noodles and noodles made from sago and Bambara groundnut flours used
in a 60:40 (w/w) ratio.
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increase the feeling of fullness or satiety. Dietary fiber, particularly
soluble fiber, plays a significant role in increasing satiety through
several physiological mechanisms throughout the digestive tract
[Hervik & Svihus, 2019]. Due to its water solubility and gel-forming
ability, soluble dietary fiber may increase the viscosity of gastroin-
testinal digesta. Higher viscosity can slow down gastrointestinal
transit, delay gastric emptying, and increase gastric distension
[Ariyarathna et al,, 2025]. Increasing the gastric distention can
inhibit the secretion of the ghrelin hormone, which sends signals
to the hypothalamus to suppress hunger and stimulate satiety
[Hervik & Svihus, 2019]. In addition, dietary fiber can increase oral
processing time and effort needed for mastication. A longer oral
processing time seems to stimulate cephalic phase responses,
and these are deemed to contribute to satiety [Hervik & Svihus,
2019]. Thus, the sago with Bambara groundnut noodles can be
used as an alternative high-fiber staple food that can increase
the feeling of fullness and reduce the consumption of additional
foods, which often contribute to excess calorie intake.

CONCLUSIONS

Instant noodles developed from sago starch enriched with
Bambara groundnut flour exhibited superior nutritional quality
and satiety effects compared with conventional wheat-based
instant noodles. Their higher protein and dietary fiber contents
contributed to enhanced fullness, highlighting the potential role
of these noodles in promoting appetite control. Beyond their
nutritional advantages, the use of sago and Bambara ground-
nut — both climate-resilient and locally available crops - sup-
ports diversification of raw materials and reduces dependence
on imported wheat. Overall, this study provides evidence that
climate-resilient crops can be successfully transformed into ac-
ceptable, nutrient-dense, and highly satiating instant foods.
The sago—Bambara groundnut noodle represents a promising
functional and sustainable alternative for future food innovation,
particularly in regions vulnerable to climate change and food
insecurity. Furthermore, future research is needed to optimize
the physicochemical properties of the resulting flour, thereby
improving the sensory and textural quality of the noodles.
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Comparative Effects of Origanum onites L. Extract
and Carvacrol on the Metabolic Syndrome
and Hepatic/Pancreatic Inflammatory Markers in Rats
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This study investigated the effects of an Origanum onites L. extract, carvacrol, and metformin on the metabolic syn-
drome (MetS) induced by a high-fat, high-fructose diet (HFFD) in rats. Oregano was extracted using supercritical CO,,
and profiles of phenolics and volatile organic compounds were analyzed via high-performance liquid chromatography
and gas chromatography—mass spectrometry methods, respectively. Rats with MetS were treated with carvacrol (MetS
+CRV group), the oregano extract (MetS+OREG group), and metformin (MetS+METF group). In the two remaining
groups, rats were fed only HFFD (MetS group) and a standard diet (control group). Treatments were administered
daily during the final 4 weeks of a 10-week MetS induction period. Evaluations included body weight, blood pressure,
blood glucose, serum lipid profile and liver function parameters, selenoprotein P (SeP), TNF-a, and histopathology
of the liver and pancreas. The Lee index was significantly higher in the METS group (0.30) than in the control group
(0.27), indicating greater metabolic disturbance. Liver SeP level increased in the MetS group (227.1 ng/mL) vs. control
(144.3 ng/mL). The oregano extract and carvacrol did not significantly affect SeP levels. However, they both reduced
systolic blood pressure and improved blood glucose level in the oral glucose tolerance test. Serum aspartate ami-
notransferase (AST) and alanine aminotransferase (ALT) levels were elevated in the MetS group but decreased with
the oregano extract and carvacrol treatment. Histopathology showed that the MetS+CRV group had hepatocyte
architecture resembling the control, with slight sinusoidal dilation and minimal necrosis. The MetS+OREG group also
showed reduced degeneration. Overall, the oregano extract and carvacrol improved metabolic parameters and he-
patic function. Further research is needed, however, to elucidate their long-term impact on selenium metabolism
and tissue-specific SeP regulation in MetS.
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OGTT, oral glucose tolerance test; SeP, selenoprotein P; T2DM,
type 2 diabetes mellitus; TG, triglycerides; TNF-a, tumor necrosis
factor.

INTRODUCTION

Metabolic syndrome (MetS) encompasses multiple metabolic
disorders including abdominal obesity, insulin resistance, glucose
intolerance, inflammation, low high-density lipoprotein (HDL)
cholesterol levels, high triglyceride (TG) levels, and hyperten-
sion [Gunawan et al, 2021]. It is also associated with chronic
conditions, such as type 2 diabetes mellitus (T2DM), dyslipi-
demia, cardiovascular disease, and non-alcoholic fatty liver dis-
ease. Its incidence increases with obesity epidemics, affecting
about a quarter of the world population and increasing the risk
of chronic diseases and creating a serious burden on the health
system [Saklayen, 2018]. Although the etiopathogenesis of MetS
is not fully understood due to its heterogeneous nature, its short-
and long-term complications are important.

Although lifestyle changes and pharmaceutical interven-
tions are generally preferred in MetS treatment, the long-term
side effects and high costs of these methods make traditional
herbal approaches a complementary alternative important to
investigate. Moreover, pharmaceutical interventions are mo-
no-therapeutic and usually target several health outcomes as-
sociated with metabolic dysfunction. In this context, medicinal
plants containing synergistic and pharmacodynamic bioactive
compounds draw attention as therapeutic or preventive agents
to manage metabolic disorders [Rodriguez-Casado, 2016].

Carvacrol, one of the main compounds of oregano essential
oil, has the potential to be used as a valuable food additive [Ayres
Cacciatore et al, 2020; Elbouny et al., 2025]. It exhibits a wide
range of biological activities, including anti-inflammatory, immu-
nomodulatory, antioxidative, antitumor, antibacterial, anti-apop-
totic, and neuroprotective ones [Sharifi-Rad et al., 2018]. Current
research also suggests that it is a compound with therapeutic
potential in MetS management [Khalil et al, 2022; Khazdair et
al., 2024]. However, although studies on the effects of carvacrol
in isolation are increasing, studies examining the effects of an
oregano extract as a whole on MetS are limited, and thus more
comprehensive evaluations are needed. In this context, some
in vivo studies investigating the effects of Origanum species on
MetS-related parameters have revealed that oregano extracts
may show ameliorative effects on glucose homeostasis, lipid
metabolism, and hepatic functions [Abou-Seif & Hozayen, 2023;
Elbouny et al., 2025; Lieshchova & Brygadyrenko, 2022]. For ex-
ample, in rats with obesity and liver damage induced by high-fat
diet, Origanum vulgare L. extract decreased body weight, serum
aspartate aminotransferase (AST) and alanine aminotransferase
(ALT), total cholesterol, TG and low-density lipoprotein (LDL)
cholesterol levels, while increasing HDL cholesterol levels [Lee
et al, 2024]. In addition, it contributed to the improvement
of steatosis by suppressing the expression of genes involved
in hepatic lipogenesis. Similarly, in diabetic and hyperlipidemic
rats treated with Origanum majorana L. extract, hyperglycemia,
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hyperinsulinemia, and hepatic adiposity were reported to be
markedly reduced [Pasavei et al, 2020]. Although the effects
of Origanum onites L. on MetS have not yet been sufficiently
studied, a clinical study in individuals with mild hyperlipidemia
reported that regular consumption of the aqueous distillate
obtained from this species exerted positive effects on the lipid
profile, inflammatory markers, and antioxidant enzyme activ-
ities [Ozdemir et al, 2008]. These data indicates that O. onites
extract, which carries the pharmacological effects of carvacrol,
is a promising natural agent for the prevention or management
of MetS and scientifically supports its investigation in experi-
mental models.

Most previous studies have utilized oregano extracts ob-
tained through conventional extraction techniques, such as
hydrodistillation or solvent extraction [Gheitasi et al., 2021; Pas-
avei et al., 2020], which may involve high solvent consumption,
prolonged extraction times, and potential thermal degrada-
tion of bioactive compounds [Bitwell et al, 2023]. Additionally,
the incomplete removal of organic solvents (such as methanol
or hexane) commonly used in traditional extraction can affect
the purity of the extract and raise safety concerns. In recent
years, green extraction technologies have attracted increasing
attention as safer and more sustainable alternatives. Among
these, supercritical fluid extraction (SFE) using carbon dioxide
(CO,) has emerged as a particularly advantageous method for
natural product extraction. SFE exploits the unique properties
of supercritical fluids — high density, high diffusivity, low viscosity,
and the absence of surface tension — resulting in efficient mass
transfer and selective extraction of bioactive compounds. CO,
is the most widely used supercritical fluid due to its non-toxic,
non-flammable, and chemically inert nature, wide availabili-
ty, and relatively mild critical conditions (critical temperature,
Tc=31.1°C; critical pressure, Pc=73.8 bar) [Roko et al., 2024]. The ex-
traction process is conducted in a closed system, isolated from
air and light, thereby minimizing degradation of sensitive com-
pounds. In addition, CO, is generally recognized as safe (GRAS),
and supercritical CO, extraction (SC-CO,) yields solvent-free,
highly concentrated extracts suitable for applications relevant to
both the food and pharmaceutical industries. Although SC-CO,
is inherently non-polar, its solvating power and selectivity can
be modulated through the use of co-solvents, enabling efficient
extraction of a broad range of phytochemicals [Gregorius et al,,
2019; Uwineza & Waskiewicz, 2020]. Despite these well-docu-
mented advantages, the application of SC-CO, in studies eval-
uating oregano extracts within the context of the metabolic
syndrome remains limited.

Given the above, the present study aimed to investigate
the biochemical, physiopathological, and histopathological ef-
fects of administering an oregano plant extract obtained through
a green extraction method, along with its active compound —
carvacrol, in a rat model of metabolic syndrome. Additionally,
its strived to elucidate how oregano and carvacrol influence
selenoprotein P (SeP) levelsin pancreatic and liver tissues and to
identify their role in the pathophysiology of MetS.
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MATERIALS AND METHODS

= Source of plant material

Oregano (O. onites) plant, which was cultivated at the Kirsehir Ahi
Evran University, AHIGETAM (Kirsehir Ahi Evran University Tradi-
tional and Complementary Medicine Application and Research
Centre) Medicinal and Aromatic Plants Application and Research
Area (39.137684 N and 34.155483 W, altitude 982), was harvested
in its 3rd year on 20 July 2023. The aired parts of O. onites were
dried in the shade at ambient temperature and packed in kraft
paper to be prepared for analysis.

= Extraction of plant material

The dried oregano was ground, and its 150-g portion was placed
in a stainless-steel vessel of a supercritical fluid extraction device
(F-500, Superex, Konya, Turkey). The sample was fixed between
layers of glass wool at the top and bottom of the vessel. The ex-
traction process was carried out fully automatically under 20
MP pressure, 40°C for 3 h, and the CO, flow rate kept constant
at 5 g/min throughout the time. The extract obtained was
stored at —20°C to be used in experimental studies. The total
extract amount obtained from a single extraction batch was
6.82 g, corresponding to an extraction yield of 4.55 g/100 g
dried oregano (w/w). In total, eight extraction batches were
prepared for the in vivo experiments, and the extracts were
pooled prior to use.

= Analysis of phenolic and volatile organic compound
profiles
The phenolic compounds of the oregano extract were analyzed
using a reverse phase high performance liquid chromatogra-
phy (RP-HPLC) method reported by Caponio et al. [1999] with
modification. Analysis was performed using a system consisting
of a 20ACBM system control unit, an SPD-M20A diode array
detector,a CTO-10ASVp column oven, an SIL-20ACHT autosam-
pler,and an LC-20AT pump (Shimadzu, Kyoto, Japan). Data were
analyzed using LC Solution software (Shimadzu). Chromato-
graphic separations were achieved using a Zorbax C18 column
(250x4.6 mm, 5 um particle size; Agilent Technologies, Santa
Clara, CA, USA), and signals from the eluate were monitored at
wavelengths of 280 nm and 320 nm. The column temperature
was fixed at 30°C. Solvent A (water containing 3% (v/v) formic
acid) and solvent B (methanol) were used as a mobile phase by
gradient elution. The following elution program was applied at
aflow rate of 0.8 mL/min:93% A + 7% B for 3 min, 72% A+ 28% B
in 28 min, 67% A + 33% B in 60 min, 58% A +42% B in 62 min,
50% A +50% B in 70 min, 30% A + 70% B in 75 min,and 93% A +
7% B in 90 min. The extract was dissolved in the mobile phase
and after passing through a 0.45 um polytetrafluoroethylene
filter, 20 pL of a sample solution were injected into the HPLC
system. Phenolic compounds were identified by comparing their
retention times with those of authentic reference standards. All
analytical standards were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Quantification was performed using external
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standard calibration curves constructed at multiple concentra-
tion levels. Results were expressed as mg/kg of dry extract.
Volatile organic compounds of the oregano extract ad-
ministered to the animals were analyzed using a 7890 A gas
chromatograph connected to an MSD 5975 C series mass
spectrometer (Agilent Technologies) and resolved on a CP
WAX 52 CB capillary column (50 m x 0.32 mm ID, 1.2 um,
Agilent Technologies). Helium was used as carrier gas at a flow
rate of 1.2 mL/min. Temperature conditions for gas chroma-
tography (GC) were: 60°C initial temperature, 2 min at 60°C,
then increasing to 220°C at 2°C/min, after which the tempera-
ture was kept constant for 20 min. A 1-uL aliquot was injected
in a split mode (20:1). The mass spectrometry (MS) ion source
temperature was set at 230°C, and the MS-quadrupole tem-
perature at 150°C. Mass spectra were recorded in the range
of 30-500 atomic mass units (amu) and under electron pulse
ionization at an electron energy of 70 eV. The identification
of the compounds was made by comparing their mass spectra
with the Wiley Registry of mass spectral data, 11th edition
(John Wiley & Sons, Inc., Hoboken, NJ, USA). Spectrum inte-
grations were performed using MSDCHEM software (Agilent
Technologies). Quantification was performed by peak area
normalization, and the results were expressed as relative
percentages of the total ion chromatogram (TIC).

®  Animals and experimental design

Wistar albino rats (=130 g average body weight) were obtained
from the Kirsehir Ahi Evran University Experimental Research
Centre in Turkey. Before and during the experiment, all animals
were housed in rooms with 12 h lightand 12 h dark photoperiod
and a constant temperature of 22-24°C. The experimental proto-
colwas approved by the Experimental Animals Ethics Committee
of Kirsehir Ahi Evran University (Ethics No: 2023/23/4). Prior to
the treatment period, animals were gently handled and accus-
tomed to the gavage procedure through a short acclimatization
period to minimize stress.

During the experimental period, animals had access to water
and feed ad libitum.To induce MetS, the rats were fed a high-fat,
high-fructose diet (HFFD). This type of diet was chosen because
MetS induced by high-carbohydrate and high-fat dietary mix-
tures has been shown to better mimic the disease state in hu-
mans compared to other methods of inducing the syndrome
[Gunawan etal, 2021]. HFFD was formulated based on previously
published high-fat diet models, with modifications [Gunawan
etal, 2021; Wang et al, 2015]. The diet composition (g/kg diet)
was as follows: casein (177 g), L-cystine/oL.-methionine (3 g), corn
starch (100 g), fructose (262 g), maltodextrin (30 g), cellulose
(50 g), butter as a fat source (310 g), corn oil (10 g), mineral mix
(10 g), dicalcium phosphate (13 g), calcium carbonate (5.5 g),
potassium citrate (16.5 g), vitamin mix (10 g), choline bitartrate
(2 g), and food colorant (1 g).

The animals were divided into five groups. In the control
group (n=8), the rats were provided with standard rat chow
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and tap water throughout the experiment. Rats of the MetS
group (n=8) were fed a HFFD, which was provided ad libitum as
free feeding every day for 10 weeks. Rats of the MetS+CRV group
(n=8) were administered HFFD for 6 weeks and at the beginning
of the 7th week, 75 mg of carvacrol per kg of body weight was
administered by oral gavage every day for 4 more weeks along
with HFFD. The dose of carvacrol was determined based on find-
ings from a previous study [Shoorei et al,, 2019]. Pure carvacrol
(=98% purity) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). The next MetS+OREG group (n=8), was treated with HFFD
for 6 weeks, and at the beginning of the 7th week, an oregano
extract was administered by oral gavage every day for 4 more
weeks at a dose of 500 mg/kg body weight [Raeeszadeh et al,,
2024] along with HFFD. In the MetS+METF group (n=8), the rats
were fed HFFD for 6 weeks and at the beginning of the 7th
week, metformin (Glukofen, Sandoz, Basel, Switzerland) was
administered by oral gavage every day for 4 more weeks at
a dose of 300 mg/kg body weight [Ajiboye et al., 2016] along
with HFFD.

= Morphometric analysis of obesity induction

Body weight gain and Lee index were calculated as indicators
of obesity. Body weight was measured weekly using an electronic
weighing scale. The length of the rats was measured between
the nasal and anal region. The recorded measurements were
used to calculate the Lee index according to Equation (1):

\3/ Body weight (g)

Nasal-anal length (cm)

Lee index =

= Blood pressure measurement

Non-invasive tail-cuff blood pressure measurements were
performed in rats using a MAY-NIBP250 system (MAY Biotech-
nology, Ankara, Turkey). Cuffs were routinely checked for pa-
tency before experiments. All measurements were conducted
in a designated quiet area (22+2°C), and rats were acclimatized
for 1 h prior to recording. Animals were gently guided into
restraint tubes to minimize movement, with the occlusion cuff
placed at the base of the tail and the sensor cuff positioned
adjacenttoit. A heating chamber maintained at 32°C was used,
and rats were warmed for 5 min before and during recordings.
Blood pressure was measured by inflating the occlusion cuff
to 250 mmHg and deflating over 15 s, while the sensor cuff
detected volume changes in the tail. Rats were habituated
for at least 7 consecutive days before baseline measurements.
For each animal, a total of five measurements were taken at
1-min intervals. The highest and lowest values were excluded,
and the mean of the remaining three measurements was used
to obtain systolic pressure (SP), diastolic pressure (DP), heart
rate, and mean arterial pressure (AP) data. Mean AP was calcu-
lated using Equation (2):

Mean AP = Dp + =2 —DF_
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= Oral glucose tolerance test

Oral glucose tolerance test (OGTT) was performed in rats fasted
for 12 h at the end of the experiment. Blood glucose levels
of the rats before glucose loading (minute 0) were measured
by an ACCU-Check device (Roche Diagnostics, Mannheim, Ger-
many) from blood taken from tail veins. Then, a 50% (w/V) glucose
solution was administered to the rats at a dose of 2 g/kg body
weight by oral gavage, and blood glucose levels were measured
at 30, 60, 90, and 120 min after glucose loading. The area under
the curve (AUC) of the OGTT was calculated.

= Tissue collection

Atthe end of the experiment, the animals were fasted overnight,
and then the rats from all groups were decapitated under anes-
thesia with ketamine 75 mg/kg + xylazine 10 mg/kg intraperito-
neally. Blood samples collected after decapitation were placed
into gold top tubes without ethylenediaminetetraacetic acid
(EDTA), and then centrifuged at 5,700xg for 15 min at 4°C to sepa-
rate the serum. The liver and pancreas were excised, weighed,
and then cutinto pieces for storage at —80°C. Liver and pancreas
tissue samples were also placed in a 10% formaldehyde solution
for histological analysis.

= Evaluation of gross changes in the liver and adipose
tissue

At the end of the experiment, after decapitation, the organs
of the rats were excised, excess blood was removed, and weighed
on a precision balance and recorded. Additionally, the accumula-
tion of abdominal adipose tissue, including omental, retroperito-
neal, and epididymal fat, was observed in situ, and the weighing
results were recorded. Results were expressed as absolute organ
weights (g).

u Biochemical analysis of rat serum and tissue samples
Rat serum TG, LDL, HDL, ALT, and AST were analyzed by an
autoanalyzer (Mindray-BS400, Mindray Bio-Medical Electronics
Co., Ltd,, Shenzhen, China) using commercial kits Ottobc155,
Ottobc145, Ottobc 144, Ottobc 128, and Ottobc 127 (Otto Scien-
tific, Otto Scientific, Miami, FL, USA), respectively. SeP and tumor
necrosis factor-a (TNF-a) levels in the liver and pancreas of rats
were evaluated using enzyme-linked immunosorbent assay
(ELISA) kits (Cat. No: 201-11-0765 and 201-11-1158, respectively;
SunredBio, Shanghai, China).

= Histopathological analysis

Liver and pancreas tissue samples obtained from all rats were
initially fixed in a 10% formaldehyde solution for at least 72 h for
light microscopic examination. After fixation, the tissue samples
were placed in cassettes and washed under running water for
24 h. To remove water, the tissues were dehydrated through
agraded ethanol series (50%, 70%, 80%, 90%, 100%). Subsequent-
ly, they were cleared in xylene and then embedded in molten
paraffin. Sections of 4-5 um thickness obtained from the pre-
pared paraffin blocks were stained with hematoxylin-eosin
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(H&E) (Bio-Optica, Milan, Italy; 05-06004/L Harris’ hematoxylin
and 05-10002/L eosin'Y 1%). The stained sections of liver were
assessed for hydropic degeneration and coagulative necrosis
in hepatocytes, dilatation in sinusoids, and hyperemia in blood
vessels. The pancreatic islets were additionally evaluated for islet
histomorphology, cellular changes, and degenerations. In each
liverand pancreas section, 10 different areas were scored for each
damage parameter, and the average percentage values within
the group were calculated. Histopathological changes were
graded for liver as follows: 1 (mild) when observed in less than
25% of the tubular epithelium and islet architecture, 2 (moderate)
when observed in 25-50%, 3 (severe) when observed in more
than 50-75%, and 4 (very severe) when observed in 75-100%
(none =0, mild = 1, moderate = 2, severe = 3, very severe = 4).

= Statistical analysis

Statistical analyses were performed using GraphPad Prism ver-
sion 9.0 (GraphPad Software, San Diego, CA, USA). Data distri-
bution was assessed for normality prior to statistical analysis.
Normally distributed data are presented as the mean and stand-
ard deviation (SD), whereas non-normally distributed data are
presented as the median. For normally distributed data, differ-
ences between groups were evaluated using one-way analysis
of variance (one-way ANOVA), followed by Tukey’s post hoc
test for multiple comparisons. Non-parametric tests, such as
the Kruskal-Wallis and Mann-Whitney U tests, were used when
the assumption of normality was not satisfied. Differences were
considered statistically significant at p<0.05.

RESULTS AND DISCUSSION

= Chemical profile of the Origanum onites L. extract
The phenolic compounds of the O. onites extract obtained with
the SC-CO, method were quantitatively determined by HPLC
analysis (Table 1). The phenolic acid detected in the highest
content was gallicacid (66.01 mg/kg dry extract). This compound
is well known as an antioxidant and can significantly contribute
to the antioxidant capacity of the extract. Compounds such as
caffeic acid and rosmarinic acid were also found at high contents
(2549 and 24.79 mg/kg, respectively). Their anti-inflammatory
and antioxidative effects have been widely reported in the lit-
erature [Kassaetal, 2021; Xiang et al,, 2022]. Rutin (43.09 mg/kg),
luteolin (21.28 mg/kg), and apigenin (26.44 mg/kg) were the ma-
jor flavonoids. These phenolic compounds increase the cell-pro-
tective, vascular health-promoting, and antioxidative potential
of the extract [Li et al, 2024]. Compounds, such as quercetin,
cinnamic acid, vanillic acid, p-coumaric acid, and hesperidin,
which were detected in low contents, may act synergistically
and enhance biological activity.

The volatile organic compound profile of the oregano
extract, revealed 59 compounds (Table S1 in Supplementary
Materials). They accounted for 9.74% of TIC peak area. The most
dominant compound was carvacrol, which accounted for 64.65%
of the total volatile organic compounds. This monoterpenic
phenolic compound plays an important role in the therapeutic
effects of O. onites, including its anti-inflammatory, antioxidative,
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Table 1. Content of phenolic compounds in the Origanum onites L. extract
obtained by supercritical CO, extraction.

Compound RT. Content LOD
p (min) (mg/kg dry extract) (ppm)
6.8 0.01

Gallic acid 66.01+3.30

Chlorogenic acid 182 0.56+0.03 0.01
Vanillic acid 19.2 0.04+ 0.00 0.11
Caffeic acid 227 2549+1.53 0.01
p-Coumaric acid 26.1 035+ 0.03 0.01
Ferulic acid 30.1 2.7440.16 0.01
Rutin 456 43.10£2.12 0.57
Naringin 49.7 7.56£045 040
Hesperidin 511 0.51£0.04 0.80
Rosmarinic acid 619 2479£1.24 0.68
Luteolin 65.3 21.29+1.06 0.05
Apigenin 67.0 2644£1.32 0.04
Quercetin 67.2 0.22+0.02 0.60
Cinnamic acid 71.1 0.044+0.00 001

Results are shown as mean + standard deviation. R T, retention time; LOD, limit of detection.

and metabolic regulatory activities, which have been associ-
ated with improvements in metabolic disturbances, such as
dyslipidemia, oxidative stress, and inflammation [Khazdair et
al.,, 2024]. Other important volatile compounds of the extract
were linalool (10.22%), thymol (4.12%), 3-caryophyllene (1.30%),
and B-bisabolene (1.36%), i.e., molecules with known anti-inflam-
matory, antioxidative, and metabolic regulatory effects [Jugreet
& Mahomoodally, 2020; Stojanovic et al., 2024].

The chromatographic data obtained reveal that SC-CO,
extraction yielded high contents of phenolic, volatile and semi-
volatile compounds, and that the extract obtained presents
a complex compound profile with potential for therapeutic use.

u  Weight of body, liver, and intra-abdominal adipose
tissue in rats
There was no significant difference in the body weight of rats
between the groups at the beginning of the experiment (p>0.05)
(Figure 1). At the end of the study (week 10), the body weight
of MetS group rats fed the HFFD diet was 375.1 g and was
significantly higher (p=0.014) compared to the control group
(2364 g). When the MetS group animals were compared with
those of the MetS+METF group, they had a significantly higher
body weight (p=0.012). No significant difference was observed
in the groups administered the oregano extract and carvac-
rol compared to the other groups (p>0.05). The Lee index
of the MetS group was significantly higher (p<0.01) compared
to the control group (0.30vs. 0.27) (Figure 2). Moreover, a lower
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Figure 1. Body weights of rats with induced metabolic syndrome (MetS)
and treated with carvacrol (MetS+CRV), oregano extract (MetS+OREG) or
metformin (MetS+METF), as well as rats without induced MetS (control) over
a 10-week period. Data are represented as mean and standard derivation.
Different letters indicate significant differences between the groups
in week 10 (p<0.05).
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Figure 2. Lee index of rats with induced metabolic syndrome (MetS)
and treated with carvacrol (MetS+CRV), oregano extract (MetS+OREG) or
metformin (MetS+METF), as well as rats without induced MetS (control) at
the end of the 10-week period. Data are represented as mean and standard
derivation. Significant differences between groups are indicated with asterisks
(*p<0.05, **p<0.01, ***p<0.001).

Lee index was computed for the MetS+CRV (0.28), MetS+OREG
(0.27), and MetS+METF (0.27) groups compared to the MetS
group at p-values of 0.033, 0.020, and <0.01, respectively.

Rat liver and intra-abdominal adipose tissue (includ-
ing omentum, retroperitoneal, and epididymal adipose tis-
sues) weights are presented in Figure 3. Liver weights were
higher in the MetS+CRV group (11.00 g) and the MetS+METF
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group (11.07 g) compared with the control group (8.17 g) at
p=0.045 and p=0.038, respectively. Intra-abdominal adipose
tissue analysis also showed that the rats from the MetS group
and the MetS+CRV group had significantly higher weights of this
tissue when compared to the control animals (9.33 and 7.71
vs. 2.65 g, respectively; p<0.001) Oregano extract treatment
significantly lowered the weight of intra-abdominal adipose
tissue to 5.86 g compared to the MetS group (p=0.011). Intra-
abdominal adipose tissue level in the MetS+METF group was
also significantly lower (5.86 g) compared to that determined
in the MetS group (p=0.022).

To sum up, the results of this study showed that HFFD ad-
ministered for 10 weeks promoted obesity parameters that are
effective in MetS formation by increasing body weight, liver size,
Lee index as well as omental, retroperitoneal, and epididymal fat
content. However, oregano extract and carvacrol administration
significantly decreased the Lee index of obese rats. Moreover,
carvacrol supplementation reduced omental, retroperitoneal,
and epididymal fat levels, while oregano extract also led to
a significant reduction in these fat depots. Another study dem-
onstrated that oregano seed extract administration reduced
weight gain in rats administered a high-fat diet [Lee et al., 2023].
This effect may be due to the presence of phytochemicals that
inhibit the pancreatic lipase enzyme by preventing the absorp-
tion of dietary fat, thereby increasing fecal excretion of fats
and reducing the energy intake of animals. Previous reports
have shown that plants rich in phytochemicals, such as saponins,
flavonoids, alkaloids and terpenoids, exhibit anti-obesity activity
[Rajan et al, 2020]. In the present study, although no significant
decrease in body weight was observed among the treatment
groups (MetS, MetS+CRV and MetS+OREG), a significant re-
duction in the Lee index was detected. Since the Lee index
is a parameter that takes into account not only body weight
but also body length, this finding suggests a favorable change
in body composition. The decrease in the Lee index, despite
the unchanged body weight, may be attributed to the suppres-
sion of visceral adiposity. This suggests the potential of oregano
extract and carvacrol to improve body composition without
weight loss. Thus, the anti-obesity effects of these compounds
may extend beyond weight reduction and involve changes in fat
distribution and metabolic profile.

The results indicate that the metabolic syndrome increased
liver and intra-abdominal fat accumulation, whereas both oreg-
ano extract and metformin treatments mitigated this adverse
effect. The observation that oregano extract’s effect was com-
parable to that of metformin suggests that this herbal treatment
may exert potential anti-metabolic or lipid-regulating effects.

= Hemodynamic parameters

Analysis of systolic and diastolic blood pressure in rats indicated
that values of the MetS group were higher compared to those
noted in the control group (Table 2). However, the treatments
with oregano extract, carvacrol, and metformin reduced the sys-
tolic blood pressure. More precisely, its values were significantly
lower in the MetS+CRY, MetS+OREG, and MetS+METF groups
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Figure 3. Weights of liver (A) and adipose tissue (B) of rats with induced metabolic syndrome (MetS) and treated with carvacrol (MetS+CRV), oregano extract
(MetS+OREG) or metformin (MetS+METF), as well as rats without induced MetS (control). Data are represented as mean and standard derivation. Significant
differences between groups are indicated with asterisks (*p<0.05, ***p<0.001).

Table 2. Blood pressure of rats with induced metabolic syndrome (MetS) and treated with carvacrol (MetS+CRV), oregano extract (MetS+OREG) or metformin

(MetS+METF), as well as rats without induced MetS (control).

Systolic blood pressure 11149° 1744422
Diastolic blood pressure 58+8° 954342
Mean arterial pressure 76+8° 121+29°
Heart rate 317+38° 374+372

1154170 120+27° 125415°
66414 66+15% 77+£13%
82+8° 84+13P 93+13P

206+16¢ 2854420 2704290

Results are shown as mean + standard deviation. Different letters in a row indicate significant differences between groups (p<0.05).

when compared to the MetS group. On the contrary, there was
no significant effect of oregano extract and carvacrol adminis-
trations on diastolic blood pressure in rats. Additionally, heart
rate in the rats from the METS group was significantly higher
compared to the animals from control group. However, both
oregano extract and carvacrol treatments resulted in a reduction
of heart rate values.

Hypertension is another leading risk factor for morbidity
and mortality in MetS. In the case of a high-sugar and high-fat
diet, fat cells produce angiotensinogen, which causes an increase
in blood pressure [Athyros et al, 2010]. The antihypertensive
effects of the oregano extract and carvacrol supplementation
observed in this study are in agreement with earlier research
findings indicating their potential to decrease blood pressure
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and support cardiovascular protection by enhancing endothe-
lial function and promoting the synthesis of nitric oxide (NO),
awell-known vasodilator [Khazdair et al., 2024; Merimiet al,, 2025].
The effects observed in rats with the metabolic syndrome may
be partially attributed to free radical scavenging and antihyper-
glycemic properties of an oregano extract and carvacrol [Cicaldu
etal,2021;Radunzetal, 2021].

= Blood glucose levels in the oral glucose tolerance test
The OGTT results measured at the end of 10 weeks are shown
in Figure 4. At minute 0, the fasting blood glucose level
in the rats from the MetS group was significantly higher than
that of the control group (p=0.046). Thirty minutes after the ad-
ministration of a glucose solution at a dose of 2 g/kg body
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Figure 4. Blood glucose level (A) and area under the curve (AUC) (B) in oral glucose tolerance test of rats with induced metabolic syndrome (MetS) and treated
with carvacrol (MetS+CRV), oregano extract (MetS+OREG) or metformin (MetS+METF), as well as rats without induced MetS (control). Data are represented as
mean and standar deviation. In graph B, significant differences between groups are indicated with asterisks (**p<0.01, ***p<0.001).

weight, the rats administered the oregano extract (p=0.009),
carvacrol (p=0.022), and metformin (p=0.008) showed signifi-
cantly decreased blood glucose levels compared to the MetS
rats. The MetS group had the highest fasting blood glucose
value among all groups 120 min after glucose administration.
Oregano extract (p=0.002) and carvacrol (p=0.001) supple-
mentation significantly reduced glucose levels at this time
point, whereas the reduction observed in the metformin
group was not significantly greater (p>0.05) than that achieved
in the MetS+CRV and MetS+OREG groups, despite a lower
mean value.

Considering AUC of OGTT, the value for the control group
was 789.3, whereas the highest value (1257) was determined for
the MetS group (Figure 4). The AUC determined for the com-
bined treatment groups showed lower values, including 919.8
(MetS+CRV), 834.0 (MetS+OREG), and 816.9 (MetS+METF).
The results of the Tukey's multiple comparison test indicated
that the AUC of the MetS group was significantly higher than
that of the control group (p<0.001). Similarly, AUC determined
for MetS+CRV (p<0.001) and MetS+OREG (p=0.003) was signifi-
cantly higher compared to the control group, whereas the dif-
ference between MetS+METF and control was not statistically
significant (p=0.097). In turn, the diferences between the MetS
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group and all combination treatments (MetS+CRV, MetS+OREG,
and MetS+METF) were significant at p<0.001. Furthermore,
AUC values determined for MetS+OREG and MetS+METF were
significantly lower compared to MetS+CRV at p<0.001, while
no significant difference was observed between MetS+METF
and MetS+OREG (p=0.486).

Another parameter that triggers symptoms in the occurrence
of MetSis insulin resistance. Blood glucose levels and AUC values
of OGTT performed during the study were significantly increased
in the HFFD groups, indicating that feeding HFFD significantly
impairs insulin-stimulated glucose uptake in peripheral tissues.
This effect may be explained by the fact that a high fat intake
reduces the ability of insulin to increase glucose uptake by
increasing the release of free fatty acids and fructose that are
rapidly metabolized in the liver, increasing TG production [Melo
etal,2021].Our study results showed that the rats fed a HFFD de-
veloped hyperglycemia, which was in agreement with the find-
ings reported by Omidifar et al. [2021]. Furthermore, oregano
extract and carvacrol administration decreased the glycemic
levels of rats, showing a similar effect as metformin. This healing
effect may be due to the presence of phytochemicals that inhibit
the digestion of carbohydrates and, therefore, reduce glucose
absorption and the postprandial blood sugar level.
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®  Serum biochemical parameters

The findings regarding the effects of carvacrol and oregano
extract treatments on serum biochemical parameters are pre-
sented in Figure 5. Serum AST levels were significantly (p<0.001)
higher in the MetS group, with values of 177.1 U/L compared
to 83.79 U/L determined in the control group. ALT values were
similar for both groups. Oregano extract and carvacrol treat-
ments reduced AST and ALT values in the metabolic syndrome
groups. This was further supported by the significant reductions
in AST levels in the MetS+CRV group (122.9 U/L) and MetS+OREG
group (107.4 U/L), when compared to the MetS group (p=0.013
and p=0.002, respectively). Similarly, ALT values were significantly
lower in the MetS+OREG (49.42 U/L) and MetS+CRV (50.03 U/L) as
compared to the MetS group (68.40 U/L) (p=0.033 and p=0.039,
respectively). Moreover, in the MetS+METF group, both AST
and ALT levels (84.98 and 37.57 U/L, respectively) were signif-
icantly higher when compared to the MetS group (p<0.001
and p=0.001, respectively). Similarly, serum TG levels were sig-
nificantly higher in the MetS group at 173.5 mg/dL compared to
the control group at 28.37 mg/dL (p<0.001). At the same time,
serum TG levels were significantly reduced in the MetS+CRV
group at 30.87 mg/dL, MetS+OREG group at 45.04 mg/dL,
and MetS+METF group at 50.24 mg/dL compared to the MetS
group (p<0.001). In the evaluation of serum levels of HDL, it was
observed that its value was significantly lower in the MetS group
when compared with the control group (15.43 vs. 23.70 mg/dL,
p=0.004). The values determined in the MetS+CRV (26.32 mg/dL),
MetS+OREG (24.88 mg/dL), and MetS+METF (25.60 mg/dL)
groups were significantly higher than those assayed in the MetS
group (p<0.001, p=0.001, and p<0.001, respectively). Lastly, se-
rum LDL levels were significantly higher in the MetS group
(6.24 mg/dL) compared with the control group (3.21 mg/dL)
(p=0.008). In the meantime, lower LDL levels were observed
in the MetS+CRV (3.69 mg/dL) and MetS+OREG (3.87 mg/dL)
groups when compared with MetS group (p<0.05). In this con-
text, the effects of the oregano extract and carvacrol were com-
parable to those of metformin.

One of the abnormalities that define MetS is dyslipidemia
[Gunawanetal, 2021].1n our study, the consumption of the HFFD
caused an increase in serum LDL and TG levels, while decreased
HDL levels, contributing to a dyslipidemia state. This may be
explained by the fact that the high fat content of the diet induc-
es hypercholesterolemia by causing the accumulation of cho-
lesterol plaques in the vascular walls of rats with metabolic
disorders [Kenné Toussé et al., 2024]. According to the present
study results, oregano extract and carvacrol supplementation
decreased TG and LDL levels, while significantly increasing HDL
levels. Metformin was less effective than the oregano extract
and carvacrol in lowering LDL levels. These effects may be due
to the impaired cholesterol synthesis caused by the inhibition
of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reduc-
tase by phytochemicals of the oregano extract. This enzyme is
the main regulator of endogenous cholesterol production and its
inhibitory effectleads to a decrease in LDL levels [Bampidisetal,
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2005]. At the same time, the antioxidative properties of carvacrol
prevent free radical damage by reducing lipid peroxidation,
which promotes a decrease in TG levels. The increase in HDL level
may be attributed to the acceleration of cholesterol transport
by increasing apolipoprotein A1 synthesis [Haas et al,, 2014].
Thus, oregano and carvacrol positively affect overall cardio-
vascular health by increasing HDL level while improving both
cholesterol and TG levels. Furthermore, the lipid profile results
in this study are in agreement with the findings of Ozdemir
et al. [2008] and Lee et al. [2024], who found that an aqueous
distillate of O. onites and an ethyl acetate fraction of O. vulgare
seed, respectively, have significant hypocholesterolemic and hy-
potriglyceridemic effects. Impaired glucose uptake in the liver
and muscle tissues leads to insulin resistance and hyperglyce-
mia, triggering hepatic steatosis and inflammatory processes
in the liver. This leads to increased lipid peroxidation and oxi-
dative stress in hepatocytes, resulting in elevated ALT and AST
levels, which are liver enzymes. Elevated ALT and AST values have
been reported in MetS [Nderitu et al, 2023]. This study showed
that ALT and AST values were increased in HFFD-fed rats com-
pared to the other treatment groups. Along with the increases
in serum ALT and AST, liver histopathological findings from this
study showed that HFFD administration caused liver damage.
However, in the groups treated with the oregano extract and car-
vacrol, ALT and AST levels significantly decreased, approximating
the control values, and also prevented liver damage. This shows
that oregano and carvacrol consumption is safe. These findings
are consistent with previous studies reporting hepatoprotective
effects of O. vulgare extract, which significantly decreased serum
AST and ALT levels in experimental models of liver injury [Habibi
etal, 2015].

= Liver and pancreas TNF-a levels
TNF-a levels of liver and pancreas tissues are presented in Figu-
re 6. The MetS group had significantly higher hepatic TNF-a levels
(119.0 ng/L) when compared to the control group (69.36 ng/L)
(p<0.001). In a similar manner, pancreatic levels of TNF-a were
significantly higher in the MetS group when compared to
the control group; 34.32 vs. 12.29 ng/L, respectively (p<0.001).
Carvacrol and oregano extract treatment reduced liver TNF-a
level significantly in the MetS+CRV (69.07 ng/L) and MetS+OREG
(82.22 ng/L) groups compared to the MetS group (p<0.001).
Remarkably, carvacrol drastically decreased pancreatic TNF-a
levels, and in the MetS+CRV group, the level reached 20.05 ng/L,
which was lower than that in the MetS group (p=0.025). In turn,
the oregano extract did not show this kind of activity in terms
of pancreatic TNF-a levels. Furthermore, in the MetS+METF
group, the liver TNF-a level was significantly lower, measured as
69.25 ng/L, compared to the MetS group. However, the pancreatic
level of TNF-a in the MetS+MetF group was significantly raised
as compared with the control group, indicating an interaction
between metformin and TNF-a modulation in pancreatic tissues.
Increased adipose tissue in rats with MetS, correlated with in-
creased macrophages, can trigger the release of various cytokines,
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Figure 5. Serum biochemical parameters, including levels of high-density lipoprotein (HDL) cholesterol (A), low-density lipoprotein (LDL) cholesterol (B),
triglycerides (TG) (C), aspartate aminotransferase (AST) (D), and alanine aminotransferase (ALT) (E), of rats with induced metabolic syndrome (MetS) and treated
with carvacrol (MetS+CRV), oregano extract (MetS+OREG) or metformin (MetS+METF), as well as rats without induced MetS (control). Data are represented as
mean and standard deviation. Significant differences between groups are indicated with asterisks (*p<0.05, **p<0.01, ***p<0.001).
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Figure 6. Tumor necrosis factor-a (TNF-a) levels in the liver (A) and pancreas (B) of rats with induced metabolic syndrome (MetS) and treated with carvacrol
(MetS+CRV), oregano extract (MetS+OREG) or metformin (MetS+METF), as well as rats without induced MetS (control). Data expressed as mean and standard
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Figure 7. Selenoprotein P (SeP) levels in the liver (A) and pancreas (B) of rats with induced metabolic syndrome (MetS) and treated with carvacrol (MetS+CRV),
oregano extract (MetS+OREG) or metformin (MetS+METF), as well as rats without induced MetS (control). Data expressed as mean and standard deviation.
Significant differences between groups are indicated with asterisks (*p<0.05).

such asTNF-g, IL-6 and HMGBT, by switching from the anti-inflam-
matory ‘M2’ (alternatively activated) to the pro-inflammatory ‘M1’
(classical activation) state [Frisardi et al, 2021]. Overexpression
of TNF-a suggests that TNF-a may be a predictor for early diagnosis
of MetS [Chenetal, 2021].In this study, an increase in TNF-a levels
was observed in pancreatic and liver tissues of the rats fed a high
fatand sugar diet. The oregano extract decreased liver TNF-a level,
while carvacrol significantly decreased pancreatic TNF-a level
(Figure 6). Phenolic compounds have been reported to exhibit dif-
ferent biological activities, such as antioxidant, anti-inflammatory,
antitumoral, and antimicrobial ones [Zhang et al, 2014]. Therefore,
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the anti-inflammatory effects obtained in this study may be related
to the phenolic compounds of the oregano extract. These findings
are consistent with the study reported by Sharifi-Rigi et al. [2019]
indicating that the O. vulgare extract exerted inhibitory effects on
paraquat-induced liver injury due to its antioxidative properties
in a rat model of liver injury.

u Liver and pancreas selenoprotein P levels

SeP levels of liver and pancreas tissues are presented in Fig-
ure 7. The hepatic SeP level in the MetS group was signifi-
cantly increased to 227.1 ng/mL, compared to the control group
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showing a value of 144.3 ng/mL (p=0.022). In addition, a sig-
nificant difference (p=0.016) was observed between the MetS
group (227.1 ng/mL) and the MetS+METF group (144.3 ng/mL).
In contrast, no significant differences (p>0.05) were noted in SeP
levels among the groups in pancreatic tissue. Most notably,
oregano extract and carvacrol had no significant impact on
SeP levelsin liver and pancreas, indicating that neither of these
compounds affects selenium metabolism in MetS.

In the present study, SeP tissue levels in liver and pancreas
were evaluated to examine the role of SeP in the development
of MetS. SeP exhibits antioxidative properties in various tissues as
wellas acts as an Se transport protein that provides Se to tissues
in the body and aids biosynthesis of intracellular selenoproteins
[Jensen-Cody & Potthoff, 2021]. No study was found in which
SeP levels were analyzed in liver and pancreatic tissues of MetS-
-induced experimental animals. It has been reported that hepatic
expression of SeP and circulating selenium and SeP levels are
decreased in rats with acute phase reaction; this impairs hepatic
SeP expression during acute phase reaction and thus affects
the transport of Se to peripheral tissues [Renko et al,, 2009]. In
contrast, hepatic SeP levels have been reported to increase with
hepatic steatosis and oxidative stress in rats fed a high-fat diet;
this change may represent a mechanism against high-fat diet-
-induced steatosis, oxidative stress, and subsequent inflamma-
tion [Murano et al., 2018].

The present study results further showed that there was
a significant increase in SeP levels in the liver and no significant
increase in pancreatic tissue of the MetS group rats fed a high-
-fat and high-sugar diet. This finding suggests that SeP may
have a regulatory role in pathological processes associated with
MetS and may lead to adverse physiopathological processes
on liver functions. In our study, oregano extract and carvacrol
supplements administered exogenously did not significantly
alter SeP levels. However, these supplements have been found
to cause a decrease in TG levels. A previous study reported that
SeP was positively correlated with plasma TG levels, indicating
its association with dyslipidemia [Chen et al, 2017]. This finding
suggests that these therapeutic approaches may be effective on
lipid profile and inflammation rather than affect SeP metabolism.
Moreover, the association of SeP with obesity is another impor-
tant factor to be considered in the pathogenesis of MetS. In
the present study, when body weight changes were analyzed be-
tween groups, insulin resistance occurred with increasing body
weight in the MetS group and SeP levels increased significantly.

Misu et al.[2010] reported that SeP knockout mice fed a high
fat/high sucrose diet were protected against the development
of insulin resistance. In addition, SeP decreased AMP-activated
protein kinase (AMPK) phosphorylation in the liver, resulting
in enhanced fatty acid biosynthesis. This suggests that serum
SeP level may exert autocrine effects in the liver. The authors also
reported a high glucose-induced up-regulation of SeP in hepato-
cytes [Misu et al., 2010]. Considering literature data, our study
findings support the hypothesis that SeP plays a regulatory role
in glucose homeostasis and is also involved in liver physiological

184

processes. Speckmann et al. [2009] reported that treatment with
metformin, a drug used in the treatment of diabetes, reduced
hepatic SeP mRNA expression and secretion, but the dose
of metformin administered was higher than the therapeutic dose
in humans (2 mM). According to our study findings, metformin
administration decreased the SeP level in the liver of rats with
the metabolic syndrome, whereas there was no significant differ-
ence in pancreatic tissue. These findings suggest that metformin
may exert an effect on liver function through the modulation
of SeP levels. However, oregano extract and carvacrol treatments
did not produce significant changes in SeP levels, suggesting
that their effects may occur through mechanisms other than
SeP regulation.

= Histopathological assessments

The histopathological images of the liver and pancreas sections
of rats from different groups are shown in Figure 8. Furthermore,
the results of histopathological scoring of the liver and pancreas
are presented in Tables S2 and S3 in the Supplementary Materi-
als, respectively. In the liver sections of the control group, hepato-
cytes were regularly arranged around the central vein with distinct
nuclei, forming orderly cords. The sinusoids between the cell
cords exhibited a normal appearance. In the MetS group, where
metabolic syndrome was induced by feeding with a specific diet,
liver sections showed hydropic degeneration and coagulative
necrosis in the parenchyma, particularly in the hepatocytes. There
was also irregularity, dilation, and hyperemia in the sinusoids,
with disruption of the integrity of the central vein when com-
pared to the control group. In the MetS+CRV group, hepatocytes
and cord formations were similar to those of the control group;
however, sinusoids were slightly dilated, and there was less co-
agulative necrosis in the hepatocytes and increased hyperemia.
In the MetS+OREG group, liver sections showed minimal hy-
dropic degeneration and coagulative necrosis in hepatocytes
in the periacinar region, and less dilation of the sinusoids. Path-
ological changes were less pronounced in these two groups.
In the MetS+METF group, the histomorphology was similar to
the control group, although prominent hydropic degenera-
tion was observed in hepatocytes surrounding the central vein
in the periacinar region. There was also minimal coagulative ne-
crosis in hepatocytes and reduced sinusoidal dilation. Upon exam-
ining the pancreatic sections, the normal islet histomorphology
in the control group was disrupted in the MetS groups, showing
ascattered and irregular appearance. The cell boundaries became
indistinct, and structural abnormalities due to vacuolization, along
with hydropic degeneration, were observed. The islets had shrunk,
and their boundaries were more blurred. Additionally, a reduc-
tion was noted in the number of islet cells. Among the treatment
groups, the MetS+METF group showed the most similar ap-
pearance to the control group. In the MetS+CRV group, signifi-
cant improvement was observed compared to the MetS group.
Theislet contours were distinct and regular, and the cells showed
structural and numerical similarities to those in the control group.
The MetS+OREG group'sislet cells resembled those in the control
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Figure 8. Sections of livers (LV) and pancreas (PNC) in different groups of rats. Control group; normal histology in control group. MetS group (LV); coagulation
necrosis (arrowheads), severe hydropic degeneration of hepatocytes (black arrow) in the central region, sinusoidal dilatation (blue asterisks) and hyperemia (red
asterisks). MetS+CRV group (LV); near-normal histology, comparable to control, but minimal coagulation necrosis, dilatation and hyperemia of the sinusoid.
MetS+OREG group (LV); minimal hydropic degeneration and coagulation necrosis of hepatocytes in the periacinar region, mild dilatation of the sinusoids.
MetS+METF group (LV); hydropic degeneration and coagulation necrosis in the periacinar region. MetS group (PNC); severe hydropic degeneration of islet cell
(black arrow), shrunken and irregular islet borders (a dotted line). MetS+CRV group (PNC); near-normal histology, comparable to control. MetS+OREG group
(PNC); near-normal histology, with minimal irregularities in islet borders. MetS+METF group (PNC); near-normal histology.

group. However, unlike the control group, the number of cells was induces significant histopathological damage in both hepatic
low, and the islet boundaries were somewhat irregular (Table S2 and pancreatic tissues. However, treatments with the oregano
and S3). These results suggest that the metabolic syndrome extract and metformin alleviate these alterations to varying
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extents, with metformin showing the strongest protective effect
inthe pancreas, and oregano extract demonstrating comparable
hepatoprotective potential.

CONCLUSIONS

This study demonstrates that both SC-CO,—derived O. onites
extract and pure carvacrol exert beneficial effects on histologi-
cal, biochemical, and metabolic alterations in a high-fat, high-
-fructose diet-induced rat model of MetS. Chemical characteri-
zation confirmed that the oregano extract was rich in carvacrol
and other bioactive compounds. Treatment with the oregano
extract and carvacrol was associated with improvements in lipid
parameters, particularly triglyceride levels, and with amelioration
of histopathological alterations observed in liver and pancreatic
tissues. In addition, both treatments showed anti-inflammatory
potential through modulation of TNF-a levels, while hepatic
SeP alterations indicated a possible role in metabolic regulation
during MetS development.

While the present results support the potential of the O. onites
extract and carvacrol as candidates for further investigation
in MetS, additional studies focusing on molecular mechanisms,
as well as well-designed clinical trials, are required to confirm
their translational relevance.

SUPPLEMENTARY MATERIALS

The following are available online at https://journal.pan.olsz-
tyn.pl/Comparative-Effects-of-Origanum-onites-L-Extract-
and-Carvacrol-on-the-Metabolic-Syndrome,220853,0,2.
html; Table S1. Volatile compound composition of the Orig-
anum onites L. extract obtained by supercritical CO, extrac-
tion. Table S2. Histopathological scoring of liver of rats with
induced metabolic syndrome (MetS) and treated with carvac-
rol (MetS+CRV), oregano extract (MetS+OREG) or metformin
(MetS+METF), as well as rats without induced MetS (control).
Table S3. Histopathological scoring of pancreas of rats with
induced metabolic syndrome (MetS) and treated with carvac-
rol (MetS+CRV), oregano extract (MetS+OREG) or metformin
(MetS+METF), as well as rats without induced MetS (control).
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Impact of Extrusion Parameters on Textural
and Sensory Characteristics of High-Moisture Meat Analogue
from Mung Bean Protein and Wheat Gluten

Kantapit Mektun' ®, Kongkarn Kijroongrojana'* @

'Food Science and Technology Program, Faculty of Agro-Industry, Prince of Songkla University, Hat Yai, Songkhla, 90110, Thailand

A high-moisture extrusion process was used to produce plant-based meat analogues with fibrous structure. Mung bean
protein isolate (MBP) and wheat gluten (WG) blend (70:30, w/w) were extruded using a co-rotating twin screw extru-
der. The optimization of extrusion parameters, including feed moisture content (55-65%, w/w) and barrel temperature
(140-160°C), with respect to the textural properties and sensory characteristics of high-moisture meat analogue (HMMA)
was investigated using central composite design. An increase in moisture content of the meat analogue led to a decrease
in its firmness, hardness, and chewiness determined using instrumental analysis. These results were consistent with hard-
ness, number of chews, and roughness scores evaluated by the trained panelists. Moreover, the microstructure and visual
observations showed that fibrous alignment tended to become less compact and form finer strands with an increasing
moisture content. However, the barrel temperature had no or slight impact on texture properties of the meat analogue.
Acceptance test result revealed that the liking scores of all attributes tended to increase with an increasing extrudate mo-
isture content. The optimized process conditions according to the maximized acceptance score included 65% feed moisture
content and extrusion temperature of 140°C with 0.644 desirability. The acceptance scores of the resulting HMMA ranged
from 6.4 to 6.7 on a 9-point hedonic scale.

Keywords: consumer acceptance, extrusion optimization, fibrous structure, plant-based protein, texture

ABBREVIATIONS

ANOVA, analysis of variance; BT, barrel temperature; HMMA, high-
-moisture meat analogue; MC, moisture content; MBP, mung
bean protein isolate; WG, wheat gluten; DT, degree of texturi-
zation.

INTRODUCTION

The concern about health and sustainable foods has affected
the development of the innovation of plant-based protein foods.
It is anticipated that the global market of plant-based meat al-
ternatives will grow consistently, reaching around 21.81 billion
USD by 2030 [Arizton, 2024]. However, the quality, nutritive value

(i.e, insufficient contents of amino acids and some elements,
such as iron), and sensory characteristics of these products are
challenged as the first parameters of consumers’acceptability.

Soybeans are commonly used in the production of meat
analogues due to their strong gel-forming properties, ability
to develop a fibrous meat-like texture, and amino acid com-
position comparable to that of animal proteins [Zhang et al,,
2021].The addition of wheat gluten into soy protein-based meat
analogue resulted in enhanced fibrous structure development,
via the formation of disulfide bonds, hydrophobic and hydro-
gen bonds, producing textural characteristics comparable to
those of chicken meat [Chiang et al, 2019; Samard et al., 2019].
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Nevertheless, the use of soy-derived meat analogues is limited
by their beany off-flavor and potential allergenicity as well as
growing consumer concerns regarding genetically-modified
soybean, which is increasingly being cultivated [Joshi & Kumar,
2015]. As a result, the use of soy protein in meat analogues has
faced challenges. Recently, several researches have focused on
the use of proteins from non-traditional sources, such as pea,
fava bean, rice bran, and spirulina, for development meat ana-
logues [Plattner et al, 2024; Theng et al., 2025; Zhao et al,, 2024].
Among these, mung bean (Vigna radiata (L.) R. Wilczek) is one
of the nutrient-rich legumes with a high content of vitamins B
and C, as well as essential minerals, like manganese, iron, and cal-
cium [Anwar et al, 2007; Dahiya et al., 2015]. In addition, mung
beans are low in fat (~1-2%) and high in proteins (~21-31%)
[Anwar et al, 2007]. Their proteins exhibit high in vitro digestibility
(~80%), which can be increased by 10% after heat treatment
[Mubarak, 2005]. Additionally, the essential amino acid profile
of mung bean protein is comparable with that of soy bean
and FAO/WHO reference protein, with the exception of valine
and sulfur-containing amino acids (methionine and cysteine)
[Du et al, 2018]. Despite its nutritional advantage, there has
been limited research on using mung bean protein for meat
analogue development. Hwang et al. [2024] revealed that mung
bean protein has the potential to be a substitute for soy protein
in the development of high-moisture meat analogue (HMMA).
They reported that increasing mung bean protein content im-
proved the gelling ability and formation of the fibrous structure,
especially at 40-50% protein, where the most meat-like texture
was observed. However, the springiness, chewiness, and cut-
ting strength were decreased with an increasing proportion
of mung bean protein in the formulation, resulting in a softer
and juicier product. In turn, Seetapan et al. [2023] reported that
increasing the mung bean flour content (10-30%, w/w) in blends
with a mung bean protein isolate reduced the flow velocity
and enhanced anisotropic layering, demonstrating its potential
for customizable textures. However, no studies to date have
explored the production of HMMA using mung bean depending
on the process condition. Thus, this study aimed to determine
the optimized conditions for producing mung bean protein
and wheat gluten based-HMMA by investigating the effects
of barrel temperature (140-160°C) and feed moisture content
(55-65%, w/w) on its textural and sensory characteristics using
response surface methodology.

MATERIALS AND METHODS

= Material

Mung bean protein isolate (MBP) was obtained from AGT Food
and Ingredients Inc, Tianjin, China. The proximate composi-
tion of 100 g of MBP (wet matter basis) was: 6.80 g of mois-
ture, 0.28 g of fat, 72.74 g of protein, 3.12 g of ash, and 17.06 g
of carbohydrates. Wheat gluten (WG) was obtained from Anhui
Ante Food Co,, Ltd,, Suzhou, China, and 100 g of WG contained
7.32 g of moisture, 0.26 g of fat, 75.92 g of protein, 0.80 g of ash,
and 15.7 g of carbohydrates.
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u  Preparation of high-moisture meat analogues

The HMMAs were produced from the blend of 4.2 kg of MBP
and 1.8 kg of WG (70:30, w/w) using a co-rotating twin screw
extruder (ZSK 18MEGAIlab, Coperion, Stuttgart, Germany).
The length of the extruder barrel and the diameter of screws
were 72 mm and 18 mm, respectively. The extruder barrel was
divided into nine heating zones. For the temperature profile,
zones 1,2,3,4,5,8,and 9 were set and kept constantly at 25, 40,
60, 90, 120, 140, and 120°C, respectively. To investigate the ef-
fect of temperature, barrel zones 6 and 7 (X;) were adjusted to
temperatures ranging from 140 to 160°C for the trials. During
the operation, the cooling die was kept at a steady tempera-
ture of 50°C. Dimensions of the cooling die were specified as
50x15x800 mm (width x height x length). Moisture levels (X;)
in the blends were modified to 55%-65% by adding a calculated
amount of water followed by thorough mixing. A fixed screw
speed of 400 rpm was applied throughout the experiment.
The total feed rate of 6 kg/h was used to deliver the dry raw
material mixture into the extruder. Each experimental run was
carried out for 10 min before the extrudates were collected
and cut into pieces (5%30 cm, thickness 15 mm). The samples
were individually sealed in nylon/linear low-density polyethylene
(LLDPE) bags (five samples per pack). All samples were stored at
—20°C for no longer than 1 month.

Experimental design using central composite design (CCD)
was employed to optimize extrusion conditions. The indepen-
dent variables were: barrel temperature at zone 6 and 7 (X;)
and feed moisture (X,). The coded and actual levels for the inde-
pendent variables are listed in Table 1.The response variables for
the predicted models included textural and sensory parameters.
In addition, appearance and microstructure determinations were
conducted.

u  Analysis of high-moisture meat analogues

The frozen meat analogue samples were defrosted at 4°C over-
night, followed by equilibration at room temperature for a mini-
mum of 2 h before analyses.

B Appearance visualization

To evaluate the internal structure, HMMA samples were cut into
pieces measuring 5x10 cm with a thickness of 15 mm, manually
torn to half of their thickness, and photographed using an iPhone
12 Pro camera (Apple Inc,, Cupertino, CA, USA).

m  Texture analysis

Texture profile analysis (TPA) of the meat analogue samples
with the size of 2x2 cm and 1.5 cm thickness was performed
according to Zahari et al. [2020] using a texture analyzer (TA-XT2i,
Texture Technologies Corp., Scarsdale, NY, USA). A double-com-
pression test was used to simulate chewing, and sensory-relat-
ed parameters were calculated from the resulting force-time
curves as described by Bourne [2002]. Hardness was defined as
the maximum force during the first compression (N). Cohesive-
ness was calculated as the ratio of the area under the second
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Table 1. Central composite design with coded and actual levels of extrusion parameters including barrel temperature (BT) and feed moisture content (MC).

Treatment

Actual level

X] X2
(Temperature, °C) (Moisture, %, wiv)
140

Coded level

140BT-55MC 55 =1 =1
160BT-55MC 160 55 1 =
140BT-65MC 140 65 = 1
160BT-65MC 160 65 1 1
135.86BT-60MC 135.86 60 -1414 0
164.14BT-60MC 164.14 60 1414 0
150BT-52.93MC 150 5293 0 -1414
150BT-67.07MC 150 67.07 0 1414
150BT-60MC* 150 60 0 0

*Treatment was carried out in triplicate.

compression curve to that under the first compression curve.
Springiness was defined as the distance the sample recovered
after the first compression. Chewiness was defined as the energy
required to chew the sample and was calculated as hardness x
cohesiveness x springiness. Resilience was calculated as the ratio
of the area during withdrawal to the area during compression
in the first cycle. All parameters were determined at a minimum
of ten measurements.

The degree of texturization (DT) was determined to evalu-
ate the formation of a fibrous structure. The HMMA samples
(2x2x1.5 cm) were cut to 75% of their original thickness using
a Meullenet Owens razor shear blade at a speed of 2 mm/s
in both vertical (lengthwise strength) and parallel (crosswise
strength) direction. The razor blade shear force max (cutting
force in N) was measured. A minimum of ten measurements
were performed for each sample. DT was calculated according
to Equation (1) [Chiang et al, 2019]:

DT = Lengthwise strength/Crosswise strength (M

A multiple puncture probe was used to penetrate into
the HMMA sample (4x4 cm, 1.5 cm thickness) with 75% of its
original thickness at a speed of 2 mm/s. The rupture force (firm-
ness, N) was measured. A minimum of ten measurements were
performed for each sample.

®  Determination of microstructure

Microstructure images of meat analogues were performed us-
ing a scanning electron microscope (SU3900, Hitachi, Japan).
The samples taken from the center of HMMA were cut into
small rectangular pieces (10x10x10 mm) and fixed in 2.5%
glutaraldehyde in 0.2 M phosphate buffer, pH 7.2, for 2 h at

191

room temperature [Chiang et al, 2019]. After that, the samples
were dehydrated by immersion in a series of ethanol solutions
of increasing concentrations (25%, 50%, 75%, 95%, and 100%)
for 15 min each, and finally washed with 100% ethanol for 1 h.
After drying and coating with gold particles, scanning electron
micrographs were taken at 2,000x magnification. Analysis was
done in triplicate for each HMMA.

B Sensory evaluation
Two pieces of HMMA samples (5x10 c¢cm, with a thickness
of 15 mm) were packed in nylon/LLDPE bags, and three packs
were heated in boiling water (2 L) until the internal tempera-
ture reached 80+2°C for 5 min, then cooled in iced water until
the center's temperature lowered to 30°C. The cooked meat ana-
logue samples were cut into pieces of 1.27 cm? cubes and sub-
jected to evaluation.

Generic descriptive analysis (GDA) was performed based
on the procedures previously used by Ergezer & Gokce [2011]
and Sow & Grongnet [2010] with some modifications. Fifteen
experienced panelists were recruited from the Faculty of Agro-
Industry, Prince of Songkla University, Songkhla, Thailand.
A total of 10 h of texture profiling training was completed by
all panelists during 3 sessions prior to performing descriptive
sensory evaluation of HMMA. The panelists were asked to list
all descriptors related to appearance and texture that they
would apply to describe HMMA during the first training ses-
sion. They were allowed to engage in free discussion, while
the leader acted as a facilitator to guide and organize the process
without participating in the profiling. At the end of the first
session, the descriptive terms, including visual fibrous strand,
roughness, hardness, and the number of chews, were selected
for use in the subsequent training on scoring each attribute.
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Table 2. Texture lexicon used for profiling the texture of high-moisture meat analogues (HMMA).

S T S N

Breaking a strip and assessing the

Chicken breast boiled for 20 min

Visual fibrous strand Amount of fibrous strand HMMA with 55% MC 10
amount of fibrous strands
HMMA with 65% MC 15
HMMA with 65% MC 45
. Bite through sample 1 time with
Roughness SRl a%fsatrgilg SUSEEr molars and assess the surface HMMA with 60% MC 7
sensation by tongue
HMMA with 55% MC 13
Egg white (Hard cooked) 25
HMMA with 65% MC 6
Hardness The force required to compress the Compress Qr bite through s.ample 1 HMMA with 55% MC 8
sample time with molars or incisors
Peanut (Cocktail type, Planters) 9
Almonds (Shelled) 11
Chicken breast boiled for 20 min 20
The number of chews required to Clisiyinessinjol el coutine
Number of chews q : number of chews required to Chicken breast boiled for 40 min 30
prepare the sample for swallowing
swallow
HMMA with 55% MC 40

MC, feed moisture content.

In the second session, the sample set (HMMA produced with low
(55%) and high (65%) feed moisture content) and reference food
samples were served, along with definitions and instructions for
evaluating the selected textural attributes of HMMA. Sensory
attribute scoring was practiced by the panelists using reference
food items and cooked HMMA samples (Table 2). A 15-cm un-
structured line scale ranging from O (lowest) to 15 (highest) was
applied for evaluation, except the number of chews, established
with a simple count. During training, reference samples were
fixed on the scale, while the meat analogue sample sets were
fixed through consensus. The purpose of the final session was
to monitor the panelists’ performance and to calibrate the con-
sensus intensity scores. Then, 12 trained panelists were selected
at the end of the last training session for sensory analysis due
to their high accuracy during training and following calibration.
GDA of the 11 experimental HMMASs was conducted over 3 ses-
sions, with 4-5 samples in each session. The samples were coded
with three—digit random numbers and served to the panelists
in a random presentation order.

For acceptance test, 50 consumer-type panelists with age
of 20-60 who commonly consume plant-based food products
were recruited from the Songkhla province, Thailand. The panel-
ists judged for appearance of visual fibrous strand (visual obser-
vation by tearing the sample into half), hardness (bite complete-
ly through the sample between the molar teeth), toughness,
and overall liking using a 9-point hedonic scale. The samples were
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served as described previously. Bottled water was provided to
the panelists to rinse their mouths between sample evaluations.

The study involving human participants was reviewed
and approved by the Research Ethics Committee under the Re-
search and Development Office, Prince of Songkla University
(PSU-HREC-2023-024-1-1).

= Statistical analysis

Analysis of variance (ANOVA) for regression, the coefficient of de-
termination (R?) and lack of fit for the mathematical models
were analyzed using Design Expert version 13 (Stat-Ease, Inc,,
Minneapolis, MN, USA). The significance of the differences was
defined at p<0.05. Pearson correlation analysis was conducted
between sensory parameters. All analyses were performed us-
ing SPSS statistic program (version 28.0 for Windows, SPSS Inc,,
Chicago, IL, USA).

RESULTS AND DISCUSSION

u  Appearance

The images of meat analogues made with different barrel tem-
peratures and feed moisture contents are shown in Figure 1. All
meat analogue samples developed layered and fibrous struc-
tures (meat-like texture). When tearing the samples, they sepa-
rated into long and aligned fibrous strands rather than breaking
into breaking-like brittle materials, indicating an anisotropic
internal structure similar to the muscle fiber of cooked meat,
such as chicken breast. During extrusion under high temperature
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Figure 1. Appearance of high-moisture meat analogues produced using a blend of mung bean protein isolate and wheat gluten (70:30, w/w) at different
barrel temperatures (BT, °C) and feed moisture contents (MC, %, w/w): (A) 140BT-55MC, (B) 160BT-55MC, (C) 140BT-65MC, (D) 160BT-65MC, (E) 135.86BT-60MC,
(F) 164.14BT-60MC, (G) 150BT-52.93MC, (H) 150BT-67.07MC, and (1) 150BT-60MC.

and dynamic shear, proteins unfold from their native spherical
conformation, leading to chain breakage, exposure of sulfhydryl
groups, and reduced hydrogen bond stability. Shear stress, pres-
sure drop, and moisture evaporation at the die promote molec-
ular chain alignment and stretching. Subsequently, the cooling
die stabilizes the extrudate structure by enhancing hydrogen
and disulfide bonding, resulting in a more disordered protein
network and the formation of rigid, interlaced fibrous structures
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[Sun etal, 2023]. Meat analogues with a high feed moisture con-
tent (60, 65 and 67.07%, Figure 1C-F and H-I) showed thinner,
denser,and more numerous fibrous strands than those produced
with a low feed moisture content (52.93 and 55%, Figure 1 A-B
and G).These results are consistent with the findings of Chen et al.
[2010], who reported that feed moisture content had a significant
impact on the texture of HMMA from soy protein, with the op-
timal fibrous structure observed at 60% feed moisture content.
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20.0um

Figure 2. Scanning electron micrographs of high-moisture meat analogues produced using a blend of mung bean protein isolate and wheat gluten (70:30,
w/w) at different barrel temperatures (BT, °C) and feed moisture contents (MC, %, w/w). (A) 140BT-55MC, (B) 160BT-55MC, (C) 140BT-65MC, (D) 160BT-65MC,
(E) 135.86BT-60MC, (F) 164.14BT-60MC, (G) 150BT-52.93MC, (H) 150BT-67.07MC, and (I) 150BT-60MC.

They also suggested that the meat analogue had more fibrous
structure when increasing the moisture content from 28 to
60%. Gulzar et al. [2025] also pointed out that a higher extrusion
moisture level (65%) enhanced the formation of fibrous texture
of soy protein-based HMMA compared to 50% level. Moisture
content plays the roles of lubricant, plasticizer, and reactant
during extrusion process, while also facilitating protein molec-
ular unfolding and structural rearrangement and increasing
the flexibility and mobility of protein chains [Ryu, 2020; Sun et
al, 2023]. Nevertheless, the meat analogue with the highest
moisture content (67.07%, Figure TH) exhibited a less fibrous
structure than the samples with 60% and 65% feed moisture
contents (Figure 1C-F and 1), as characterized by fibers that ad-
hered to each other and were not clearly defined. Lin et al. [2000]
reported that the structure of HMMA from soy protein and wheat
gluten became more directionally aligned with moisture content
decreasing from 70% to 60%. Additionally, Liu & Hsieh [2008]
revealed that when moisture content ranged from 60.11 to
72.11%, the well-defined fiber orientation of meat analogue
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was found only at 60.11%. Moreover, Sun et al. [2023] suggested
that excessive moisture content leads to incomplete texturiza-
tion of extrudates, which may be attributed to protein dilution,
reduced energy required for structural disruption, and increased
molecular flexibility and fluidity. These effects limit the exposure
of reactive groups in protein structures, thereby reducing protein
aggregation and cross-linking. From these phenomena, it could
be concluded that moisture could facilitate protein unfolding
and molecular alignment during the extrusion process; however,
the positive effect of moisture on fibrous structure development
has its limitations.

Nevertheless, extrusion temperature exhibited no significant
impact on the appearance of the meat analogue (Figure 1).
This is similar to the results of previous studies on the produc-
tion of HMMA from pea proteins, which revealed that the effect
of barrel temperature on meat analogue properties was relatively
minor compared to the effect of feed moisture content [Sun et
al, 2023; Zhang & Ryu, 2023].
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Table 3. Firmness in a penetration test, crosswise strength and lengthwise strength of shear force, and degree of texturization of high-moisture meat analogues
produced using a blend of mung bean protein isolate and wheat gluten (70:30, w/w) at different barrel temperatures (BT, °C) and feed moisture contents (MC, %, w/w).

Firmness (N) Crosswise strength (N) Lengthwise strength (N)
9.9+1.2

140BT-55MC 01.8+83 7.8%23 14+06
160BT-55MC 108.8+4.4 6.7£1.9 12.3£0.5 2006
140BT-65MC 46.8+55 46£1.0 6.5+0.5 1.5+£04
160BT-65MC 53.9+114 7.8+04 79+04 1.0+0.1
135.86BT-60MC 720+48 9.9+1.9 9.6%1.0 1.0+0.3
164.14BT-60MC 68.9+7.5 6.1+14 9.2+0.6 1.6+0.5
150BT-52.93MC 1053+11.7 84+26 94+1.2 1.3+0.5
150BT-67.07MC 33.5%20 3.1£04 4.6+0.2 1.5+0.2
150BT-60MC* 67.7£56 9.8+1.2 10514 1.1£0.2

Values are mean + standard deviation (n=10). *Treatment was carried out in triplicate.

Table 4. Parameters of texture profile analysis of high-moisture meat analogues produced using a blend of mung bean protein isolate and wheat gluten (70:30,
w/w) at different barrel temperatures (BT, °C) and feed moisture contents (MC, %, w/w).

140BT-55MC 342+23 0.84+0.03 0.67+0.02 194+16 0.35+0.01
160BT-55MC 390£22 0.89+0.06 0.75x0.01 260£19 041£0.01
140BT-65MC 198+11 0.95+0.02 0.73£0.02 136+10 0.36+0.01
160BT-65MC 284+27 0.90+0.03 0.74+0.02 188+20 0.39+0.02
135.86BT-60MC 250£17 091+0.03 0.73+£0.02 167+13 0.37+0.02
164.14BT-60MC 276x13 0.92+0.02 0.78+0.02 1979 0.43+0.01
150BT-52.93MC 340£26 0.86+0.05 0.71£0.01 207£19 0.37£0.01
150BT-67.07MC 16445 0.92+0.03 0.70+0.02 1065 0.36+0.01
150BT-60MC* 288+18 0.89+0.05 0.75+0.02 194425 0.39+0.02

Values are means + standard deviation (n=10). *Treatment was carried out in triplicate.

= Microstructure (55%) and barrel temperatures of 150 and 160°C (Figure 2G
The microstructure images (at 2,000x magnification) of the meat and B), the samples showed larger fibrous strands, whereas
analogues obtained under different extrusion conditions were the samples processed at 140°C (Figure 2A) exhibited more
displayed in Figure 2. The results were aligned with images compact strand alignment. Our study results are consistent
of HMMA appearance shown in Figure 1. The meat analogues with findings from previous studies reporting that the influ-
with low feed moisture contents of 52.93% (Figure 2G) and 55% ence of extrusion temperature was significant only under low
(Figure 2A-B) exhibited larger fiber strands with multiple seg- feed moisture conditions [Lin et al, 2000; Zhang & Ryu, 2023].
mented layers and cavity structures, while those with high feed In particular, higher extrusion temperatures were associated
moisture contents of 60% (Figure 2E-F and 1) and 65% (Fig- with enhanced protein denaturation, molecular disassembly,
ure 2C-D) showed thinner fibrous strands with greater conti- and protein realignment under shear [Sun et al,, 2023].

nuity, smaller pores, and a lower pore number. The sample with

67% feed moisture (Figure 2H) demonstrated a layered and less = Textural properties

fibrous structure. The effect of extrusion temperature on the mi- The effects of barrel temperature and feed moisture content on
crostructure of meat analogues was lesser when compared with HMMA textural properties are presented in Table 3 and Table 4.
that of feed moisture content. At a lower feed moisture content The results of the ANOVA, including R? values, model significance
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(p-values), and lack-of-fit statistics for the textural properties
of HMMA as influenced by barrel temperature and feed moisture
content, are presented in Table 5. ANOVA indicated that the feed
moisture content significantly affected all texture parameters,
except resilience, while barrel temperature was only significant to
chewiness and resilience (p<0.05). However, both variables had
no impact on springiness, cohesiveness, shear force (crosswise
strength), and the degree of texturization (p=0.05).

The response surface of product firmness as function of ex-
truder barrel temperatures and feed moisture contents is shown
in Figure 3A.The highest product firmness was found for the meat
analogues extruded with lower feed moisture contents (52.93%
and 55%). On the other hand, the meat analogues extruded with
high feed moisture contents (65% and 67.07%) showed lower
firmness regardless of barrel temperature (Table 3).

The impact of barrel temperatures and feed moisture con-
tents on meat analogue TPA parameters, including hardness
chewiness, and resilience, are shown in Figure 3B-D. Hardness
showed a progressive decrease with an increasing feed moisture
content. The sample extruded with high moisture contents (65%
and 67.07%) showed lower hardness, with the lowest value found
for the sample produced with the highest feed moisture content
(Table 4). These results align with firmness determination results
and are in agreement with the findings of Lin et al. [2000], who
revealed that the feed moisture content had a greater influence
on overall product texture compared to extrusion temperature.
The results of chewiness test followed the same trend as those
of hardness (Figure 3, Table 4). The highest value was found for
the meat analogue with 55% feed moisture content extruded
at 160°C barrel temperature. The resilience of HMMA samples
was slightly affected, with values ranging from 0.35 to 0.43.
Nevertheless, it was not possible to apply the predicted mod-
els for springiness and cohesiveness, as they had low R’ values
and lacked statistical significance in probability of the model
(Table 5), which are generally regarded as unreliable for predic-
tive purposes [Koocheki et al., 2009; Myers & Montgomery, 2002].

The degree of texturization (DT) indicates the formation
of a fibrous structure with values greater than 1. The force
required to cut across the meat analogues in the lengthwise
strength is higher than that in the crosswise strength [Chenetal,
2010]. According to data in Table 5, the predicted model of DF
and crosswise strength shear force could not be applied due to
statistical insignificance of the model or low R? value. The effects
of extruder barrel temperatures and feed moisture contents
on the shear force (lengthwise strength) of HMMAs are shown
in Figure 3E. All samples extruded at a high moisture content
exhibited the formation of a fibrous structure because of showing
a value of more than 1 by Meullenet Owens razor shear blade
(knife blade) (Table 3). Among these, the highest DT was found
in 160BT-55MC, which was consistent with the microstructure
shown in Figure 2. The low extrusion moisture increased friction
and shear within the cooling die, resulting in a higher veloci-
ty gradient and enhanced fibrous structure formation [Lin et
al, 2000]. Chen et al. [2010] reported that moisture content

197

significantly affected the degree of texturization, and the most
well-developed fibrous structure was observed in soybean meat
analogue extruded at 60% feed moisture. Regarding extrusion
temperature, many studies have suggested that barrel tem-
perature significantly affected texture attributes only at lower
moisture contents [Lin et al, 2000]. Additionally, Kitabatake et al.
[1985] found that extrusion temperature had a minimal influence
on product texture when soy protein isolate meat analogue was
processed at a feed moisture content above 70%.

= Sensory analysis

®  Descriptive analysis

The results of descriptive sensory analysis are provided in Ta-
ble 6. The predicted equations, coefficients of determination
(R?), probability of models, and lack of fit of models obtained for
the effect of the extrusion process on attributes of descriptive
analysis (visual fibrous strand, hardness, roughness, and number
of chews) are depicted in Table 5. According to ANOVA of re-
gression, the predicted visual fibrous strand model could not
be applied due to a substantial lack of fit in the model (p<0.05).
The response surfaces created from the predicted models as
shown in Figure 3 revealed that only feed moisture content
significantly affected all sensory descriptors (p<0.05). Regard-
less of barrel temperature, hardness and the number of chews
increased with a decreasing extrusion moisture content. These
results were in agreement with hardness determined by TPA
and firmness determined in the penetration test as discussed
above. Furthermore, roughness and the number of chews were
positively correlated with hardness (correlation coefficient, r=0.83
and 0.92, respectively, p<0.05), indicating strong positive rela-
tionships, whereby increases in roughness and chew number
were associated with increased hardness. The higher roughness
and the number of chews were found for the meat analogues
with a low feed moisture content, while the lowest roughness,
the number of chews, and hardness were shown for the meat
analogue with a high feed water content (150BT-67.07MC).

For the visual fibrous strand, the score ranging from 11.5 to
15.0 was found in the meat analogue with a medium and high
feed moisture (60-67.07%), while those with low moisture con-
tents (52.93% and 55%) received the lowest scores ranging from
6.6t0 10.0 (Table 5).The fibrous strands of the sample with a high
feed moisture were much finer compared to those of boiled
chicken breast (score of 5) (Table 2).

B Acceptance test

The predicted equations, coefficients of determination (R?),
probability of models, and lack of fit of models obtained for
appearance, hardness, toughness, and overall liking deter-
mined in the acceptance test are depicted in Table 5. Models
forthe appearance, hardness, and overall liking were statistically
significant (p<0.05), exhibited non-significant lack of fit (p>0.05),
and had R? values greater than 0.7; thus, they were considered
adequate and used to generate the response surface contour
plots (Figure 4). All models were linear equations (Table 5). R?
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Figure 3. Response surface contour plots displaying the combined effect of barrel temperatures and feed moisture contents on texture parameters determined
by texture profile analysis and penetration test, including firmness (A), hardness (B), chewiness (C), resilience (D), and shear force (lengthwise strength) (F), as well
as by sensory descriptive analysis, including hardness (G), roughness (H), and number of chews (I) of high-moisture meat analogues produced using a blend of
mung bean protein isolate and wheat gluten (70:30, w/w).
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Table 6. Mean scores of descriptive sensory analysis and acceptance test of high-moisture meat analogues produced using a blend of mung bean protein isolate
and wheat gluten (70:30, w/w) at different barrel temperatures (BT, °C) and feed moisture contents (MC, %, w/w).

Descriptive sensory analysis scores* Acceptance test scores**
strand chews liking
140BT-55MC 7.3+0.9 125409 6.6+13 42.1+46 59+1.8 6.0+1.6 6.2£1.7 6.0+1.7
160BT-55MC 89409 12.3£09 10.0£0.0 454498 59416 47+2.1 48+22 48419
140BT-65MC 5107 43£1.0 12.0+14 268%53 6.7+14 6.6+1.6 6.7£1.8 6.7£1.6
160BT-65MC 6.7£0.9 53%13 15.0£0.0 320483 6.8+1.6 6.1£1.8 6.1£2.2 64+1.8
135.86BT-60MC 78038 11.2£19 121415 39.0£100 6.9+14 6.1£16 6.2+1.7 6.3+16
164.14BT-60MC 7.2£09 9.1%15 11.5+14 33176 6.7£1.7 6.2£19 6.4+1.7 6.5+1.7
150BT-52.93MC 8.0£0.6 124£1.2 86£1.8 42.8+8.6 58+19 44+20 4.7£20 4720
150BT-67.07MC 46409 33409 134+1.8 223164 7315 7216 7216 74%15
150BT-60MC*** 6.9£1.0 56%1.2 144+0.7 358+73 6.5£1.6 56%19 58+138 58+138

Values are mean + standard deviation (*n=12 or **n=50). ***Treatment was carried out in triplicate.
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Figure 4. Response surface contour plots of acceptance scores including appearance (A), hardness (B), and overall liking (C) of high-moisture meat analogues
produced using a blend of mung bean protein isolate and wheat gluten (70:30, w/w) at different barrel temperatures and feed moisture contents. The optimum
region (yellow shade) that obtained high appearance, hardness, and overall liking score levels (>6.5, >6.5, and >6.5, respectively) (D).
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values determined for all attributes ranged from 0.6762 t0 0.8557,
implying that the model explained 67.62% to 85.57% of the total
variance. Feed moisture content was identified as the key factor
affecting appearance, hardness, toughness, and overall liking,
as indicated by its higher coefficient values in the predictive
regression models compared to those of barrel temperature.
The liking scores of all attributes of the meat analogues tend-
ed to increase with an increasing extrusion moisture content
(Table 6). This finding indicated that the panelists preferred
the meat analogue with soft and easy-to-chew texture. Previous
studies have suggested that increasing extrusion moisture con-
tent significantly reduced hardness, springiness, cohesiveness,
and chewiness in both soy- and pea protein-based products
[Chen et al, 2010; Zhang & Ryu, 2023]. In extrusion process,
the feed moisture content is considered the most influential
factor on both the system and the characteristics of the meat an-
alogue. On the contrary, extrusion temperature showed no effect
(p=0.05) on all attributes in the acceptance test. To determine
the optimum region, a contour plot showing predicted scores
of appearance, hardness, and overall liking (each at least 6.5, close
to maximum values) was used to identify the optimal formulation
range. The optimum region (yellow shaded area in Figure 4D)
corresponding to 140°C barrel temperature and 65% feed mois-
ture content had the highest desirability of 0.644. Verification
of the predicted model showed that the observed acceptance
scores for appearance, hardness, and overall liking were 6.7+1.4,
6.4+1.6,and 6.5+1.6, respectively. The experimental errors, com-
pared with the predicted values, ranged from 1.20% to 2.08%.

CONCLUSIONS

MBP and WG blend was successfully used to develop high-mois-
ture meat analogue using a co-rotating twin screw extruder.
The results indicate that feed moisture content was the most in-
fluential factor affecting the development of fibrous microstruc-
ture, as well as textural and sensory properties of the product.
Increased feed moisture promoted protein alignment and en-
hanced the formation of a well-defined fibrous structure, which
contributed to improved texture and overall acceptability. How-
ever, feed moisture contents higher than 65% led to adverse
effects on fibrous structure formation. The optimized conditions
for producing MBP and WG based HMMA with the highest ac-
ceptability were: barrel temperature of 140°C and 65% feed
moisture content. The findings provide valuable insights into
the role of processing conditions in HMMA development and of-
fer practical guidance for optimizing product quality in industrial
applications.
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Heat-Induced Aging Improvements in Sensory Quality,
Antioxidant and Anti-Inflammatory Activities
of Allium schoenoprasum L. Bulbs
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This study investigated the effects of heat-induced aging on the nutritional composition, physicochemical properties, sensory
profiles, and biological activities of Allium schoenoprasum L. (AS) bulbs over a 7-day period. Key parameters evaluated included
instrumental color, texture, bioactive compound content (total phenolics and total flavonoids), antioxidant capacity (ABTS**
scavenging activity and ferric reducing antioxidant power, FRAP), and anti-inflammatory potential (bovine serum albumin
denaturation inhibition). The results demonstrated that thermal aging for 7 days resulted in a significant reduction in moisture
content (from 65.18 to 23.33 g/100 g fresh weight, FW) and a transition to a distinct black color (L* value decreased from 76.91
to 26.94). Thermal treatment induced increases in contents of reducing sugars and total soluble solids. These shifts effectively
enhanced the flavor profile and overall sensory acceptability (score increased from 5.57 to 8.29). Importantly, although total
phenolic and total flavonoid contents initially declined (days 1-2), they substantially increased during the later stages of aging
(days 3-7).This accumulation of phenolic compounds resulted in a significant enhancement in antioxidant capacity, evidenced
by increases in ABTS** scavenging activity and FRAP. Conversely, the specific anti-inflammatory capacity of the aged AS bulbs
was significantly lower compared to the fresh samples. These findings provide critical insights into the dynamic physicochemi-
cal transformations of AS during aging, assisting manufacturers in optimizing processing parameters to develop high-quality
black AS products with targeted functional properties.

Keywords: bioactive compounds, color parameters, in vitro bioactivity, radical scavenging, textural properties, thermal pro-
cessing

INTRODUCTION plant or in local markets as food products [Zdravkovi¢-Korac et

Allium schoenoprasum L. (AS), a member of the subfamily Alli-
aceae and genus Allium, is cultivated in many countries, such as
Vietnam, France, and Canada [Singh et al,, 2018]. This edible chive
plant grows from bulbs (1 cm wide and 2-3 cm long) and has
pale purple flowers, so it can be found in gardens as ornamental

al, 2010]. The AS young leaves and bulbs are commonly used as
aspicein many dishes, such as dumplings, salads, and dairy prod-
ucts. Different AS organs are also used in traditional medicine
to improve conditions such as sore throat, flu, and cold [Parvu
etal, 2014; Singh et al, 2018]. Due to its bioactive compounds,
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AS has anticancer, antihypertensive, anti-inflammatory, anthel-
minthic, antibacterial, and antioxidant activities [Singh et al,,
2018]. The AS bulbs are especially rich in phenolic compounds,
with flavonoids being a major class. They were also reported to
contain sulfur compounds, such as diethanol disulfide, dimethyl
trisulfide, and methy! pentyldisulfide, responsible for antioxidant
and antibacterial activity [Tran et al,, 2024].

Allium plants, especially garlic, have a pungent flavor. There-
fore, excessive consumption of garlic can lead to stomach ir-
ritation and bad breath (halitosis) [Ryu & Kang, 2017]. Different
processes have been applied to overcome these disadvantages
of fresh garlic. Among them, aging under conditions of high
humidity (60-90%) and temperature (40-60°C) for a long time
has been found to have significant effects in stimulating the me-
tabolism of biological compounds and enhancing the functional
properties of garlic [Utama et al,, 2024]. The reactions occurring
during aging, with enzymatic browning and non-enzymatic
browning (Maillard reaction) being the main reactions, can result
in an increase in the content of melanoidins, phenolic com-
pounds, proteins, organosulfur compounds, and reducing sugars
[Chang et al., 2020; Utama et al., 2024]. Furthermore, the aging
process imparts a sweeter taste and chewier texture to black
garlic while limiting the pungent taste characteristic of fresh
garlic. While the characteristic black color is the primary indica-
tor of successful aging, excessive thermal treatment can lead
to over-carbonization (an undesirable dull, burnt appearance),
loss of biological activity, or the development of a bitter taste
[Kelebek et al,, 2025].

AS can serve as an alternative to garlic and onion because
it shares similar physical and biological properties with these
two plants. However, consuming excessive amounts of AS can
lead to digestive issues and halitosis, similar to the effects of gar-
lic [Zdravkovi¢-Korac et al,, 2010]. Thermal aging, a process in-
volving the prolonged exposure of raw materials to controlled
high temperatures and humidity without chemical additives, is
a promising processing method that can mitigate the sensory
drawbacks of fresh AS and enhance its bioavailability. However,
a significant knowledge gap remains. Although the physico-
chemical and bioactive transformations during the thermal ag-
ing of garlic have been extensively documented [Kelebek et
al, 2025; Ryu & Kang, 2017], the systematic application of this
process to AS remains critically underexplored. Therefore, this
study aimed to evaluate the changes in the quality of AS bulbs
over a 7-day heat-induced aging period. Specifically, changes
in nutritional composition, color, physicochemical characteris-
tics, texture parameters, sensory qualities, bioactive compound
contents, and antioxidant and anti-inflammatory activities were
investigated during the 7-day aging process. Finally, Pearson’s
correlation coefficient was used to examine the relationships
between these properties.
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MATERIALS AND METHODS

H  Materials

Fresh A. schoenoprasum (AS) bulbs at optimal ripening stage
were collected in 2025 (February to May) from local supermarkets
in Di An ward, Ho Chi Minh City, Vietnam. Damaged bulbs were
removed and the remaining ones were cleaned before aging.

5 Production of aged (black) Allium schoenoprasum L.
Fresh AS bulbs (@approximately 1.5 kg) were aged using an NK-686
apparatus (Ho Chi Minh City, Vietnam) with controlled tempera-
tures and relative humidity of 65-75°C and 70-80%, respectively.
No additional treatments were applied during the 7 days of ag-
ing. A representative sample of approximately 100 g of AS bulbs
was randomly collected after each aging day to prepare for
subsequent analysis.

= Proximate analysis

The AOAC International standard procedures were used to de-
termine the proximate composition of AS bulbs [AOAC, 2005].
Moisture, crude fat, crude protein, crude fiber, and ash contents
were determined by AOAC 950.46, AOAC 922.06, AOAC 979.09,
AOAC 962.09 and AOAC 942.05 methods, respectively. Carbohy-
drate content was calculated based on Equation (1):
Carbohydrates = 100 — (Fat + Protein + Ash + Fiber) m
Moisture content was expressed in fresh weight (FW) of AS

bulbs, and calculations of the remaining results were based on
dry weight (DW) of AS bulbs.

u  Color analysis

The AS bulb color values in the CIElab color space (L*, darkness/
/lightness; a*, greenness/redness; b*, blueness/yellowness) were
measured using a CR-400 device (Konica Minolta, Osaka, Japan).
The total color difference (AE) between fresh and aged AS bulbs
was calculated based on Equation (2):

AE =N =Ly +a% - a*)+ (0% - b @)
where: [*;, a*;, b*; are the color values of fresh AS bulbs (day 0)
and L%, a*, b*; are the color values of AS samples after aging.

= Physicochemical analysis

B Preparation of Allium schoenoprasum L. filtrate

AS bulbs (10 g) were ground and mixed with distilled water at
a solid-to-solvent ratio of 1:10 (W/v). The slurry was then ultrasoni-
cated using a PRO 150S device (Asonic, Ljubljana, Slovenia) for
30 min at a controlled temperature of 35+2°C. Finally, the slurry
was filtered through Whatman No.1 filter paper, and the filtrate
was used for subsequent physicochemical analyses.
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B pH and total soluble solid determination

The pH of the AS filtrate was measured based on the activity
of H30* ions using an HI2211 instrument (Hanna Instruments,
Woonsocket, RI, USA), while the content of total soluble solids
(TSS) expressed in °Brix was determined using an HI96801 instru-
ment (Hanna Instruments, Woonsocket, RI, USA). The analyses
were repeated three times at 25°C.

m  Titratable acidity determination

The acid-base titration method was used to determine AS sam-
ples'titratable acidity (TA) [Islam et al., 2013]. A phenolphthalein
solution (0.1%, w/w) was added to the AS filtrate diluted with
distilled water. The mixture was then titrated with a 0.1 M NaOH
solution until a pink color persisted for 30 s. TA was calculated
using Equation (3):

_ Viaon X 0.1 X V; X 0.064
\/2 xXm

TA 3)

where: V.o is the volume of the NaOH solution used for
titration (mL), V; is the volume filled up (mL), V, is the vol-
ume of extract (mL), 0.1 is the normality of NaOH (M), 0.064
is the conversion factor for citric acid equivalent, and m is
the mass of the AS sample used to filtrate the preparation (g).
The results were expressed as mg of citric acid equivalent per
100 g of fresh weight (mg/100 g FW).

B Reducing sugar determination

The reducing sugar (RS) content of AS samples was determined by
the colorimetric method with 3,5-dinitrosalicylic acid (DNS) in an
alkaline medium [Miller, 1959], with some minor modifications.
Briefly, 30 g of potassium sodium tartrate tetrahydrate was dis-
solved in 50 mL of deionized water. On the other hand, 1 g of DNS
was dissolved in 20 mL of 2 M NaOH.The entirety of both solutions
was completely combined and gently heated to form a homoge-
neous mixture. After cooling to room temperature, the mixture
was filled up to 100 mL with distilled water to prepare the final
DNS reagent. Then, 1 mL of DNS reagent was added to 2 mL
of the AS filtrate and mixed thoroughly. The reaction mixture was
incubated in a water bath at 95°C for 5 min. Subsequently, the mix-
ture was rapidly cooled under running tap water, and the absorb-
ance of the samples was immediately measured at 540 nm using
a UV-Vis spectrophotometer (Cary 60, Agilent, Penang, Malaysia).
Glucose at various working concentrations (0-1,000 pg/mL) was
used to construct the standard curve. The results were expressed
as mg of glucose equivalent per g of AS bulb DW.

= Texture analysis

The texture of the AS bulbs was evaluated using a texture ana-
lyzer (TAXTplusC.0001, Stable Micro Systems Ltd., Surrey, UK)
equipped with a P/75 cylindrical probe (7.5 mm diameter). A two-
-cycle compression test was performed with a strain of 20%.
The pre-test and post-test speeds were set to 0.1 cm/s, while
the test speed was 0.5 cm/s. From the obtained force-time
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curves, several texture parameters were determined. Specifi-
cally, hardness was defined as the maximum peak force attained
during the first compression cycle. Springiness was evaluated
as the ratio of the time duration of the second compression to
that of the first compression. Cohesiveness was calculated as
the ratio of the positive force area during the second compres-
sion to that of the first compression. Gumminess was defined as
the energy needed to break down a semi-solid sample prior to
swallowing. Resilience, which indicates the instantaneous abil-
ity of the sample to recover its original height, was evaluated as
the ratio of the withdrawal work to the compression work during
the first compression cycle.

H  Preliminary sensory evaluation

A preliminary sensory evaluation was conducted to assess
the changes in the physical and sensory characteristics of AS
samples during the heat-induced aging process. The sensory
panel consisted of 14 members, comprising laboratory staff
and university students (7 men and 7 women, aged 20 to 35)
from the Faculty of Applied Science and Technology, Nguyen Tat
Thanh University (Ho Chi Minh City, Vietnam), who were familiar
with the sensory evaluation of thermally aged Allium products.
The sensory attributes, including color, degree of dryness, texture,
flavor, taste, and overall sensory quality, were evaluated using
a 9-point rating scale. The corresponding meanings assigned
to the scale were: 1 — extremely poor, 2 — very poor, 3 - poor,
4 —slightly poor, 5 —fair/acceptable, 6 - slightly good, 7 - good,
8—very good, and 9 —excellent [Yuan et al,, 2022]. The AS samples
were coded with three-digit random numbers and presented to
the panelists in a randomized order. Purified water was provided
to the panelists to cleanse their palates between sample tast-
ings. The evaluation exclusively involved the tasting of thermally
aged AS samples prepared without the addition of any harmful
chemicals. All participants were healthy adult volunteers. Prior to
the evaluation, all panelists were fully informed about the pur-
pose of the study and the sample preparation methods, and they
provided their informed consent to participate.

u Total phenolic content, total flavonoid content,
and biological activity analysis

B Preparation of Allium schoenoprasum L. extract

The AS bulbs were ground and extracted with a 70% (v/v) ethanol
solution at a solid-to-solvent ratio of 1:10 (w/v). The mixture was
ultrasonicated for 30 min using a PRO 1505 device (Asonic, Lju-
bljana, Slovenia) at a controlled temperature of 35+2°C. The sus-
pension was filtered to obtain the A. schoenoprasum extract
(ASE). The ASE was used directly for the phytochemical content
determinations and biological activity assays without further
evaporation, and all results were expressed on a bulb DW basis.
Preliminary range-finding tests were conducted to determine
the optimal extract volumes applied in the subsequent assays,
ensuring that all absorbance readings fell strictly within the linear
range of their respective standard curves.
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m  Total phenolic content determination

The method with the Folin-Ciocalteu reagent in alkaline me-
dium was applied to estimate the total phenolic content (TPC)
of AS bulbs [Pirca-Palomino et al., 2024; Singleton & Rossi, 1965].
Briefly, 200 L of ASE were reacted with 1 mL of the 10% (w/V)
Folin-Ciocalteu reagent. After 5 min, the mixture was reacted
with 800 pL of a 7.5% (w/v) Na,COs solution. After 1 h, the ab-
sorbance of the solution at 765 nm wavelength was estimated
using a Cary 60 UV-Vis spectrophotometer (Agilent). Gallic acid
solutions at various concentrations (0-0.1 mg/mL) were used to
construct the standard curve. TPC was expressed as mg gallic
acid equivalents (GAE) per 100 g of AS bulb DW.

= Total flavonoid content determination

The flavonoid-aluminum complexation method was applied to
estimate the total flavonoid content (TFC) of AS bulbs [Miliauskas
etal, 2004; Pirca-Palomino et al., 2024]. Briefly, 500 L of ASE were
mixed with 100 pL of 1% (w/v) AlClsx6H,0 solution, 100 pL of 1 N
CH3COOK solution, and 4.3 mL of ethanol absolute. After 30 min,
the absorbance of the solution was recorder at a wavelength
of 415 nm using a Cary 60 UV-Vis spectrophotometer (Agilent).
Quercetin solutions at various concentrations (0-0.1 mg/mL)
were used to construct the standard curve. TFC was expressed
as mg quercetin equivalents (QE) per 100 g of AS bulb DW.

m  ABTS assay

The discoloration reaction of the pre-generated, blue-green
2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radi-
cal cations by antioxidants was used to estimate the free radical
scavenging capacity of AS bulbs [Raczkowska et al, 2024; Re et al,,
1999]. Briefly, 500 uL of ASE were mixed with 1,500 pL of a solu-
tion of generated ABTS** calibrated to an absorbance of 1.1. After
30 min, the mixture absorbance was measured at wavelength
of 734 nm using the Cary 60 UV-Vis spectrophotometer (Agilent).
Trolox solutions at various concentrations (0-0.01 mg/mL) were
used to construct the standard curve. ABTS** scavenging activ-
ity of AS bulbs was expressed as mg Trolox equivalents (TE) per
100 g AS bulb DW.

= Ferric reducing antioxidant power assay

The reduction of Fe** complexed with 2,4,6-tripyridyl-s-triazine
(TPTZ) (light yellow) to Fe’*-TPTZ complex (blue) was applied
to estimate the ferric reducing antioxidant power (FRAP) of AS
bulbs [Benzie & Strain 1996; Nguyen et al., 2025]. Briefly, 20 mL
of an FeCl; solution (0.02 M) were mixed with 20 mL of a TPTZ
solution (0.01 M) and 200 mL of a CH3;COONa solution (0.3 M)
to form an FRAP reagent (FR). Then, FR (10 mL) was reacted with
0.3 mL of ASE. After 10 min, the absorbance of the solution was
estimated at 593 nm using a Cary 60 UV-Vis spectrophotometer
(Agilent). FeSO, solutions at various concentrations (0-3 mg/mL)
were used to construct the standard curve. FRAP of AS samples
was expressed as mg FeSO, per 100 g AS bulb DW.
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B Anti-inflammatory capacity determination

The anti-inflammatory capacity of the AS bulbs was evaluated
by bovine serum albumin (BSA) denaturation inhibition assays
[Rahman et al., 2015]. Briefly, 50 uL of ASE at specific concentra-
tions (0-28.96 pg/mL for fresh AS bulbs and 0-48 pg/mL for
7-day aged AS bulbs) were added to 450 pL of a 1% (w/v) BSA
solution in phosphate-buffered saline (PBS; pH 6.3). The mixture
was incubated at 37°C for 30 min, then the temperature was
gradually increased to 57°C and kept for another 5 min. Then,
all samples were removed and allowed to cool for 15-20 min.
After cooling, 2.5 mL of PBS (pH 6.3) were added to each sam-
ple, and the absorbance was measured at 255 nm using a Cary
60 UV-Vis spectrophotometer (Agilent). Distilled water was used
instead of ASE in the test control, which represented 100% pro-
tein denaturation. The product control consists of 450 pL of dis-
tilled water and 50 plL of ASE. Equation (4) was used to calculate
the percentage inhibition of protein denaturation:

% Inhibition = 100 - < AEB ><100> @)
where: A is the optical density of the test solution (extract
and BSA), B is the optical density of the product control (extract
and water), and Ciis the optical density of the test control (water
and BSA). Analysis was done in triplicate. The extract concentra-
tion required to achieve a 50% inhibition of protein denaturation
was denoted as the ICs value. This parameter was calculated by

applying linear regression to the dose-response curve.

= Statistical analysis

All determinations were performed three times independently
on samples from each collection day. Data are expressed as
the mean and standard deviation. Statistical analyses were per-
formed using IBM SPSS Statistics 22 (IBM Corp., Armonk, NY,
USA). Prior to the analysis of variance (ANOVA), the normality
of the data distribution and the homogeneity of variances were
verified using the Shapiro-Wilk test and Levene’s test, respectively.
Statistically significant differences among the mean values were
determined using a one-way ANOVA followed by Tukey's post
hoc test at a significance level of p<0.05. Pearson correlation
between all determined parameters was also analyzed.

RESULTS AND DISCUSSION
= Proximate composition of Allium schoenoprasum L.
bulbs

Changes in the proximate composition of AS bulbs during
heat-induced aging were investigated in fresh and aged sam-
ples. The moisture content of fresh AS bulbs (day 0) and AS
samples aged for 1 day did not differ significantly (p>0.05) (Ta-
ble 1). However, extending the aging time resulted in a signif-
icant (p<0.05) decrease in the moisture content of AS bulbs to
23.339/100 g FW. During aging, the decrease in moisture content
was due to the effect of high temperature, which is a common
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Table 1. Proximate composition of Allium schoenoprasum L. bulbs during heat-induced aging.

Time (days) Moisture Crude fat Crude protein Ash Crude fiber Carbohydrates
4 (9/100 g FW) (9/100 g DW) (9/100 g DW) (9/100 g DW) (9/100 g DW) (9/100 g DW)

65.18+2.05 1.26+0.01¢ 7.51+0.26° 0.46+0.02° 2364009 88.40+0.24°
1 6446+2.71° 1.28+0.025¢ 7.58+0.18° 047+0.02° 2.3740.07° 88.30+0.212
2 54.65+4.56° 1.29+0.022¢ 8.08+0.122 0.51+0.01b¢ 2.39+0.14 87.73+0.05°
3 50.43+2.96" 1.33+0.05%¢ 820+0.13 0.53+0.01% 242+0.06° 87.52+0.115¢
4 42.7143 46% 1.35+0.04°0¢ 8.25+0.10° 0.53+0.03% 2424004 87.44+0.14%
5 33.79+291% 1.35+0.052¢ 8.28+0.112 0.55+0.02% 244+008? 87.38+0.16"
6 27.46+3.11¢ 1.37+0.04% 83140122 0.57+0.01° 247+007° 87.28+0.02°
7 233343.22f 1.38+0.02° 837+0.132 0.58+0.01° 2474004 87.20+0.09°

Data are presented as the mean + standard deviation (n=3). Different lowercase letters (a—f) indicate statistically significant differences (p<0.05) between different aging times, as determined

by Tukey’s test. FW, fresh weight; DW, dry weight.

phenomenon. Tahir et al. [2022] noted that the aging resulted
in a decrease in moisture content from 64.30-67.50 g/100 g DW
(fresh garlic) to 29.50-31.35 g/100 g DW (black garlic). In turn,
the moisture content of 7 fresh garlic varieties (Havel, Rusak,
Vekan, Ivan, Bjetin, Lukan, and Havran) ranged from 57.04 to
65.34 9/100 g DW, and the aging process reduced their moisture
content to 33.52 to 42.52 g/100 g DW [Bedrnicek et al, 2021].
The moisture content of fresh AS bulbs in our study (65.18 g/100
g FW) was within the ranges reported in the literature for con-
ventional garlic (Allium sativum L.) [Bedrnicek et al., 2021; Tahir
et al, 2022], while differences were observed between aged
AS and conventional garlic, which could be primarily due to
biological differences between the Allium species (A. schoenopra-
sum versus A. sativum), coupled with inherent variations in bulb
morphology. The differences could also result from the applied
aging parameters [Afzaal et al, 2021]. It has been reported that
the sensory quality, texture, and Maillard reaction product level
of black garlic are determined by the moisture content [Najman
et al, 2020; Yuan et al., 2022]. Therefore, monitoring the mois-
ture content of aged AS bulbs may help control their quality
characteristics.

The crude fat content of AS bulbs increased significantly
during heat-induced aging (Table 1). This apparent increase
is primarily attributed to the thermal disruption of the cellular
matrix, which promotes the release and extractability of bound
lipids. This observation is consistent with the trend reported
in black garlic processing, where fat content increased from 0.15
t0 0.60 g/100 g DW [Choi et al., 2008].

The crude protein content of AS bulbs after 7 days of aging
was significantly (p<0.05) higher than that of the fresh AS bulbs
and bulbs heat-treated for 1 day (Table 1). Tahir et al. [2022]
suggested that enzyme activities during aging led to an increase
in the protein content of two Pakistani garlic cultivars, with
values increasing from 8.57 t0 9.50 g/100 g (desi) and from 6.38
t0 8.10 g/100 g (farmi).
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The ash content of AS bulbs ranged from 046 t0 0.58 g/100 g
DW and increased over time during AS aging (Table 1). Mean-
while, although aging increased the crude fiber content of AS
samples, the increase was not significant (p>0.05). A similar in-
creasing trend was reported in a study on A. sativum [Tahir et al,,
2022].This trend resulted from the thermal degradation of labile
carbohydrates, which led to the concentration of the mineral
fraction.

The aging process significantly decreased (p<0.05) the car-
bohydrate content of AS bulbs (Table 1). Fructans are docu-
mented as the predominant reserve carbohydrates in Allium
species, accounting for over 75% of the total dry mass [Cheong
etal, 2012]. Consequently, this overall reduction directly reflects
the extensive degradation of these fructans into simpler saccha-
rides via sequential enzymatic hydrolysis and non-enzymatic
thermal cleavage [Afzaal et al,, 2021].

u  Color properties of Allium schoenoprasum L. bulbs
Consumer perception of food quality is significantly influ-
enced by product color, which in turn is linked to other food
characteristics, such as pigment level and moisture content.
Therefore, color is one of the critical indicators for quality con-
trol of black AS. In our study, the AS color parameter values
decreased significantly (p<0.05) during 7 days of heat-induced
aging (Table 2). The [* value was 76.91 for fresh AS and 26.94
after 7 days of processing. The a* and b* values decreased from
6.36 to —1.82 and from 28.89 to 3.37, respectively. Correspond-
ingly, the AE values increased (p<0.05) for aged AS bulbs. As
shown in Figure 1, fresh AS was white and turned brown after
1 day of aging. The AS bulbs turned dark brown after 2 days
and began to turn black after 3 days. Finally, the AS sample
turned completely black after 7 days of aging, indicating that
AS bulbs had entered the ripening stage.

Various biochemical reactions, such as the Maillard reac-
tion and enzymatic browning reactions, occurred during aging.
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Table 2. Color parameters of Allium schoenoprasum L. bulbs during heat-induced aging.

Tne 4 e —— T —

76914167 636+007° 28.89+0.81°
1 55.21+0.44° 461+035° 21.28+0.55° 23.09+1.38¢
2 42454089 2464014 16.23+1.18° 36934252
3 40.38+1.54¢ 1.88+0.13¢ 10.13+1.00¢ 41.334260¢
4 35.18+0.57¢ 090+0,03¢ 7.42+0.04° 47.26+1.03°
5 34.78+1.719 036+0.041 6324021 4818+101°
6 31.7842.17¢ ~0.24+0.039 51340409 51.44+0.98°
7 26.94+043° ~1.8240.16" 3374049 56.72+1.40°

Data are presented as the mean + standard deviation (n=3). Different lowercase letters (a-h) indicate statistically significant differences (p<0.05) between different aging times, as determined
by Tukey’s test. L*, darkness/lightness; a*, greenness/redness; b*, blueness/yellowness; AL, total color difference (compared to fresh bulbs).

0 day 1 day

5day

4 day

2 day

6 day

Figure 1. Visual image of Allium schoenoprasum L. bulbs during heat-induced aging.

Among them, the Maillard reaction is the most important, as it is
responsible for the color and flavor of foods. During the final stag-
es of the Maillard reaction, high-molecular-weight melanoidins
(brown pigment) are synthesized through a series of complex
transformations, namely molecular rearrangements, condensa-
tion reactions, and polymerization [Wu et al,, 2021]. The brown-
ing intensity of black garlic products is directly proportional to
the content of melanoidins [Wu et al,, 2021]. Therefore, longer
aging time increases the content of melanoidins and intensifies
garlic's black color. In addition to melanoidin, Maillard and cara-
melization reactions also produce 5-hydroxymethyl furfural,
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the content of which is also proportional to the aging time
and browning intensity of garlic [Zhang et al., 2016]. These re-
sults demonstrate that an extended aging duration significantly
enhances the browning intensity and black color of the product.

= Physicochemical properties of Allium schoenoprasumL.
bulbs

The pH value of the AS bulbs decreased significantly during 7 days

of heat-induced aging (Figure 2A).In contrast, the TA value of the AS

bulbs increased significantly over time. Several studies have ob-

served similar trends during garlic aging [Tahir et al, 2022; Zhang
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Figure 2. pH and titratable acidity (A) and contents of total soluble solids and reducing sugars (B) of Allium schoenoprasum L. bulb during heat-induced aging.

FW, fresh weight; DW, dry weight.

et al, 2016]. Free alkaline amino groups of amino acids, peptides,
and proteins are consumed in the Maillard reaction by reacting with
reducing sugars, shifting the acid balance toward acidity. Further-
more, degradation of polysaccharides leads to an increase in the or-
ganic acid content, thus increasing the acidity of black garlic [Liang
etal, 2015; Zhang et al, 2016]. The formation of organic acids not
detected in fresh garlic, such as pyroglutamic, 3-hydroxypropionic,
succinic,and formic acids, occurred during aging [Liang et al, 2015].
The low pH has its advantages as it helps stabilize the microbiologi-
cal quality of black garlic [Ahmed & Wang, 2021].

The TSS of the AS bulbs increased significantly over time
of the aging process (Figure 2B). In turn, the RS content of the AS
bulbs exhibited a remarkable increase from 31.4 mg/g DW at
day 0 to a peak of 516.5 mg/g DW at day 3, followed by a sig-
nificant decrease to 452.4 mg/g DW by day 7. The significant
increase in RS content during aging is a direct consequence
of the breakdown of complex polysaccharides into simpler com-
pounds [Afzaal etal, 2021; Lietal., 2015]. This transformation also
contributes to the observed increase in TSS [Afzaal et al.,, 2021].
Initially, fructans undergo enzymatic hydrolysis into oligosac-
charides, disaccharides, and monosaccharides, catalyzed by en-
dogenous fructan exohydrolase [Cheong et al,, 2012]. Although
high temperatures eventually deactivate this native enzyme,
further polysaccharide cleavage is driven by non-enzymatic
thermal degradation during prolonged aging. This sequential
mechanism results in monosaccharides (fructose and glucose)
becoming the predominant saccharide fraction, which signifi-
cantly enhances the characteristic texture and sweetness of black
garlic [Afzaal et al., 2021; Cheong et al,, 2012; Liang et al,, 2015].
Furthermore, these reducing sugars serve as essential precursors
for the non-enzymatic Maillard reaction [Afzaal et al,, 2021; Li et
al, 2015; Liang et al,, 2015]. While the degradation of complex
macromolecules into simpler compounds may enhance in vitro
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bioaccessibility, further physiological validation is required to
confirm the impact of these chemical modifications on in vivo
digestion.

u  Texture properties of Allium schoenoprasum L. bulbs
The changes in texture parameters of AS bulbs during heat-in-
duced aging are shown in Table 3. The hardness and gumminess
values decreased significantly (p<0.05) with aging of the bulbs.
In contrast, the springiness value increased over time. The cohe-
siveness and resilience values of AS decreased (p<0.05) during
the first 2 days of aging. However, they showed an increasing
trend (p<0.05) in the last days of aging.

To the best of authors' knowledge, no study has investi-
gated the textural properties (springiness, cohesiveness, gum-
miness, and resilience) of AS bulbs during aging. However,
Bedrnicek et al. [2021] noted that black garlic samples had
a jelly-like texture and were softer than fresh garlic. The data
also showed that the hardness of garlic samples decreased
11-fold after aging. Because of high temperature during aging,
the thermal degradation of polysaccharides led to a reduction
in the hardness of black garlic, while significantly increased its
softness and elasticity [Li et al, 2020]. In addition, the weakening
of the cell structure is also related to the decrease in moisture
contentduring aging [Utama et al,, 2024]. Yuan et al.[2022] not-
ed that the hardness of garlic samples decreased after the first
day of aging, but gradually increased from day 5 to day 10.This
suggests that the black garlic samples were over-dried, which
resulted in excessive loss of moisture content, thus leading to
an increase in hardness during aging. The results of this study
indicate that aging made black AS bulbs softer, more flexible,
and more rigid while reduced their hardness. This suggests that
black AS samples have a desirable texture for culinary appeal
and commercial potential.
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Table 3. Texture properties of Allium schoenoprasum L. bulbs during heat-induced aging.

0.52+0.03 0.78+0.02f
1 0.15+0.01° 11620021
2 0.09+0.01¢ 4.83+0.24¢
3 0.07+0.01< 5.71+0.24¢
4 0.04+0.00% 8.89+0.179
5 0.030.00¢f 10.67+0.52¢
6 0.02:£0.00¢f 153140530
7 0.01+0.00 18.77+1.06?

0.71£0.02° 17.58+1.06° 1.04£0.11°
0.62+0.02% 239+022° 0.77+0.074
0.48+0.02¢ 1.63+0.05¢ 0.43+0.04¢
0.55+0.04 1.26+0.22¢ 0.49+0.04¢
0.59+0.03%¢ 0.83x0.07¢ 0.52+0.03¢
0.60+0.08% 0.78+0.08° 0.53+0.04¢
0.67+0.04%° 0.55+0.08¢ 0.60+0.08
0.70+0.05° 0.55+0.04¢ 0.64+001°

Data are presented as the mean =+ standard deviation (n=3). Different lowercase letters (a—f) indicate statistically significant differences (p<0.05) between different aging times, as

determined by Tukey's test.

Table 4. Sensory properties of Allium schoenoprasum L. bulbs during heat-induced aging.

Tlme (dayS) Dry degree
sensory quality

6.07+062° 550+0,65 536+0.50°
1 62140430 557+0.94¢ 6.07+0.62%
2 629+061° 5714099 6.00+0,68%
3 7.5740.65° 621058 6.07+0.92%
4 7.57+0.85° 6.79+1.05%¢ 6.64+1.01¢
5 7574076 7.14+1.17% 7.07+1.07
6 7.64+0.84° 7.36+1.28% 711.07%
7 7714099 7.43+122° 8.2120.58?

5.00+1.11° 4.86+0.77° 5574051°
5.36:+0.50% 5.07+0.92% 5.71+1.07%
529+091% 5.64+0.50°% 5504065
6.36+0.50 6.14+1.17< 593+1.00%
7.00+0,68b 6.64+1.01b 6574051
7.29+1.54%¢ 7.64+1.15% 7.21+0.80"
7.86+0.86% 7.79+1372 7.50+0.94%
8.14+0.95? 843051 8.29+0.47

Data are presented as the mean + standard deviation (n=14). Different lowercase letters (a—e) indicate statistically significant differences (p<0.05) between different aging times, as

determined by Tukey's test.

u  Sensory properties of Allium schoenoprasum L. bulbs
Sensory properties of food have a significant influence on its
overall quality. Because chemical and physicochemical changes
occur continuously during the heat-induced aging process,
a preliminary sensory evaluation of the AS samples was per-
formed to monitor the development of their organoleptic
properties. All sensory scores of the AS bulbs improved continu-
ously during aging (Table 4). The color scores of AS samples
at the early aging stage were significantly lower (p<0.05) than
those at the later stage. This was because AS samples began
to turn black after 3 days and wholly turned to a uniform
black color after 7 days. The decrease in moisture content led
to a gradual increase in the dry degree of AS bulbs. However,
the increase in the dry degree of AS samples at the later aging
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stage was insignificant (p>0.05). In addition, the degradation
of polysaccharides during aging also made the AS samples
become gummy, soft, and jelly-like in texture. Therefore, their
texture scores were significantly increased during 7 days of ag-
ing. The increase in organic acids, reducing sugar content,
and the decrease in allicin content (a compound responsible
for pungent taste) resulted in the AS samples having a charac-
teristic sweet and sour taste after aging, thus increasing their
flavor and taste scores [Li et al,, 2015; Li et al,, 2020]. Finally,
the results also showed an increase in the overall sensory
quality of the AS bulbs after 7 days of aging. This finding dem-
onstrated that the aging process mitigated the characteristic
pungent taste present in fresh AS samples and successfully
enhanced the overall sensory profile of the black AS samples.
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Figure 3.Total phenolic content (A), total flavonoid content (B), 2,2"-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) radical cation (ABTS®*) scavenging activity (C),
ferric reducing antioxidant power (FRAP) (D), and inhibition of bovine serum protein denaturation (E) of Allium schoenoprasum L. during heat-induced aging.
Data are presented as the mean and standard deviation (n=3). Different lowercase letters (a—f) indicate statistically significant differences (p<0.05) between
different aging times, as determined by Tukey’s test. GAE, gallic acid equivalents; QE, quercetin equivalents; TE, Trolox equivalents; ICsp, half-maximal inhibitory
concentration; DW, dry weight.
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= Total phenolic and total flavonoid contents,
and biological activity of Allium schoenoprasum L.
bulbs
®  Contents of total phenolics and total flavonoids
The results indicate that the TPC and TFC of AS bulbs were signifi-
cantly affected by aging (Figure 3). At the early stage of aging,
TPC decreased significantly (p<0.05). In contrast, a significant
(p<0.05) increase in TPC was observed at the late stage of aging.
Similarly, TFC significantly (p<0.05) decreased from day 0 to day 2,
followed by a significant (p<0.05) increase from day 3 to day 7.
Under the influence of high temperature, oxidation reactions
are accelerated, and covalent bonds are cleaved. Thus, phenolic
compounds in agricultural products are degraded [Nguyen et
al, 2025]. In addition, high humidity at the initial stage of aging
alsoleads toincreased activity of polyphenol oxidase and peroxi-
dase, resulting in a recued phenolic content [Sun & Wang, 2018].
However, the decrease in humidity and pH at the later stage
of aging led to enzyme inactivation, thus limiting the degrada-
tion of phenolics in AS samples [Toledano-Medina et al,, 2016].
Moreover, polysaccharide depolymerization occurred during
aging. Subsequently, phenolic compounds, including flavonoids
and phenolic acids, are released from cell wall structures.

B Antioxidant capacity

The content of bioactive compounds changes during aging,
thus affecting the antioxidant capacity. The ABTS** scavenging
activity of AS bulbs did not change significantly (p>0.05) during
the first two days of aging (Figure 3D). Similarly, the FRAP values
showed no significant (p>0.05) changes during the initial three
days of the thermal process (Figure 3E). However, from day 3
to day 7, both ABTS** scavenging activity and FRAP increased
significantly (p<0.05). The higher antioxidant capacity of AS bulbs
after aging was consistent with results of previous studies on
black garlic [Tahir et al, 2022]. The changes in the antioxidant
capacity of AS samples over time followed a similar trend to
the changes in TPC and TFC, indicating that phenolic com-
pounds primarily influenced the antioxidant potential of AS
bulbs. However, other AS bulb compounds could also affect
their antioxidant capacity. The aging process leads to the con-
version of allicin into water-soluble organosulfur compounds,
thus increasing the antioxidant capacity of garlic [Garcia-Villalon
etal,2016; Utama et al., 2024]. Moreover, melanoidins are known
for their strong antioxidant capacity; longer aging times also
lead to increased melanoidin content and antioxidant capacity
of the garlic [Gonzalez-Ramirez et al., 2022].

®  Anti-inflammatory capacity

Arthritis and inflammatory responses are closely related to
the phenomenon of tissue protein denaturation [Aidoo et
al, 2021]. The anti-inflammatory potential of fresh AS (day 0)
and black AS (day 7) bulbs was evaluated through their capac-
ity to inhibit the heat-induced denaturation of bovine serum
albumin. As shown in Figure 3F, fresh AS bulbs exhibited signifi-
cantly lower ICsq values (p<0.05) compared to black AS samples,
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indicating a reduction in specific anti-inflammatory potential
following the thermal aging process. Interestingly, this trend
contrasts with the observed enhancement in antioxidant capac-
ity. In Allium species, anti-inflammatory activity is predominantly
attributed to heat-sensitive organosulfur compounds, rather than
phenolic compounds [Jeong et al., 2016]. Therefore, the severe
thermal degradation of these organosulfur compounds during
prolonged aging directly contributes to the reduced efficacy
in preventing BSA denaturation. However, extrapolating these
in vitro BSA denaturation results directly to in vivo systems is
highly limited. Actual physiological anti-inflammatory efficacy
depends on complex cellular immune responses and the gas-
trointestinal bioavailability of these compounds, necessitating
further in vivo or cell-based model studies.

= Pearson correlation

The correlations among the proximate composition, color pa-
rameters, physicochemical parameters, sensory scores, and an-
tioxidant capacity of the AS bulbs during aging are illustrated
in Figure 4. Exact correlation coefficients are detailed in Table S1
in Supplementary Materials. The ICsq values (representing anti-
inflammatory activity) were not included in the correlation ma-
trix, as two sampling points (days 0 and 7) provide insufficient
degrees of freedom for valid correlation modeling. The results
demonstrated that moisture content was significantly negatively
correlated with the sensory attributes and antioxidant capacities.
Conversely, nutrient contents, such as crude fat, crude protein,
ash, crude fiber, and carbohydrates, all exhibited positive cor-
relations with these parameters. Among the sensory attributes,
the sensory scores for color showed a significant negative corre-
lation with the instrumental L*, ¥, and b* values. Simultaneously,
AFE exhibited a significant positive correlation with the sensory
color scores.

The results also indicated that moisture content correlated
negatively with dry degree and texture, whereas springiness
showed a significant positive correlation with these two param-
eters. Regarding flavor and taste, the sensory scores were signifi-
cantly and positively correlated with reducing sugars, titratable
acidity, carbohydrates, crude protein, crude fat, and TSS, while
being negatively correlated with pH values.

Overall, the antioxidant capacities of AS were negatively
correlated with L*, %, and b* values, while showing a positive cor-
relation with AE. Finally, TPC and TFC exhibited a strong positive
correlation with the ABTS and FRAP assay results. These findings
demonstrate that the accumulated phenolic compounds are
highly effective at neutralizing free radicals and providing reduc-
ing power via electron donation [Karnjanapratum et al., 2021].

CONCLUSIONS

The changes in the chemical composition, physicochemical
properties, sensory profiles, and biological activities of AS bulbs
during the heat-induced aging were comprehensively deter-
mined in this study. The results demonstrated that aging reduced
the moisture content, leading to the concentration of crude fat,
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Figure 4. Pearson’s correlogram of parameters determined for Allium schoenoprasum L. bulbs during heat-induced aging. M, moisture; CF, crude fat; CP, crude
protein; CFi, crude fiber; Car, carbohydrates; L*, darkness/lightness; a*, greenness/redness; b*, blueness/yellowness; A, total color difference; TA, titratable acidity;
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-sulfonic acid) assay; FRAP, ferric reducing antioxidant power. Correlations are significant at p<0.05 (*) or at p<0.01 (*¥).

protein, ash, and fiber, whereas carbohydrate levels significantly
declined. The AS bulbs turned completely black after 7 days
of treatment. The concurrent increases in reducing sugars, TSS,
and titratable acidity, alongside the reduction in pH, significantly
improved the sensory attributes of the aged samples. During
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the aging process, there was a significant increase in the content
of phenolic compounds (TPCand TFC). As a result, the antioxidant
capacity (ABTS** scavenging activity and FRAP) of the AS bulbs
was significantly enhanced. However, compared to the fresh
AS, the specific anti-inflammatory capacity of the aged samples
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decreased. Pearson’s correlation analysis confirmed that the im-
provement in sensory properties (color, flavor, and taste) was
strongly associated with the decreases in instrumental color
values (L*, a*, b¥), as well as the increases in reducing sugars,
titratable acidity, carbohydrates, crude protein, crude fat,and TSS.
Additionally, the enhanced sensory texture scores were linked
to decreases in moisture, hardness, gumminess, and resilience,
and increases in springiness and cohesiveness. While this study
provides a knowledge of the chemical and physicochemical
changes occurring in AS bulbs during a 7-day aging period,
the effects of different pretreatment methods should be further
investigated to optimize the functional and nutritional quality
of black AS.
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Metabolomic Insights into Bee Bread Antiviral Activity
Against Influenza A Virus
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Bee bread (BB) is a natural apicultural product that exerts a broad spectrum of biological activities, including antimicrobial
properties. The identification of novel antiviral agents is of considerable importance in light of the ongoing global impact of viral
pathogens, particularly the influenza A virus (IAV). This study evaluated the antiviral efficacy of eighteen BB aqueous extracts
against IAVHIN1 using Madin-Darby canine kidney (MDCK) cells. The cytotoxicity of the extracts varied significantly, ranging
from 1.33 to 15.97 ul/mL. Real-time PCR analysis revealed a notable decline in a viral RNA copy number after the treatment
with BB extracts, indicating inhibition of viral replication. The half maximal inhibitory concentration (ICs) of extracts ranged from
0.13 to 1.09 uL/mL. Selectivity index (SI) showed significant variability, spanning from 2.13 to 47.68. Furthermore, BB samples
revealed total phenolic content (TPC) ranging from 4.08 to 6.10 mg GAE/g, and total flavonoid content (TFC) between 0.22
and 0.97 mg QE/g. A significant negative correlation was observed between ICso and SI, whereas no significant associations
were found between ICs, or Sl and TPC or TFC indicating that activity profiles of the extracts were independent of phenolic
and flavonoid contents. Ultra-performance liquid chromatography-high-resolution mass spectrometry (UPLC-HRMS) profi-
ling confirmed that bee bread contained a diverse set of bioactive metabolites, including flavonoids, phenolic acids, amino
acids, lipids, and carbohydrate derivatives, supporting its potential as a multifunctional natural product. When combined with
antiviral assays, these compositional insights suggest that the antiviral activity of bee bread likely results from the collective
action of multiple compound classes rather than a single dominant group.

Keywords: antiviral agents, antiviral potential, bee products, flavonoids, phytochemicals
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BB, bee bread; CCsy, 50% cytotoxic concentration; GAE, gal-
lic acid equivalent; 1AV, influenza A virus; 1Cso, half maxi-
mal inhibitory concentration; MDCK, Madin-Darby ca-
nine kidney cells; MEM, minimal essential medium; MTT,

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;
PBS, phosphate buffer saline; QE, quercetin equivalent; SDS,
sodium dodecyl sulfate; TFC, total flavonoid content; TPC, total
phenolic content; UPLC-HRMS, ultra-performance liquid chro-
matography—high-resolution mass spectrometry.
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INTRODUCTION

Viral infections remain a constant and serious challenge to global
health, playing a major role in both morbidity and mortality
worldwide [Asma et al,, 2022]. Despite considerable progress
in modern medicine, the continuous emergence and re-emer-
gence of viral pathogens, coupled with the ever-present risk
of pandemics, underscore the urgent need for effective antiviral
strategies [Marquez-Bandala et al,, 2025]. Current antiviral thera-
pies, while crucial, often face limitations such as the development
of drug resistance and the potential for adverse side effects [Lam
& Baumgarth, 2019]. This makes the exploration of alternative
and complementary approaches essential, particularly those
derived from natural sources, which may offer improved safety
profiles and novel mechanisms of action.

Throughout history, diverse civilizations have utilized bee
products, including honey, propolis, bee pollen, and bee bread,
for their therapeutic properties, notably in the treatment of in-
fections.This rich history of folk medicine has spurred a growing
scientific interest in the bioactive compounds present in these
bee-derived products and their potential health benefits [Asma
etal, 2022]. Modern research aims to validate these traditional
applications and to identify the specific components responsible
for their observed effects.

Among these bee products, bee bread stands out as a partic-
ularly intriguing product. It is formed through a natural process
within the honeycomb cells, where worker bees collect pollen
from flowers and mix it with honey or nectar and their own sali-
vary secretions [Bakour et al,, 2022]. This mixture then undergoes
fermentation, transforming it into bee bread. The resulting bee
bread boasts a rich nutritional composition, including significant
amounts of proteins, carbohydrates, lipids, amino acids, vitamins,
and minerals [Aylanc et al,, 2023; Ciri¢ et al, 2022]. Furthermore,
bee bread contains a variety of bioactive compounds, such as
polyphenols (mainly flavonoids), and enzymes, which presum-
ably contribute to its therapeutic potential [Mdrgdoan et al,,
2019]. Besides being crucial in bee bread production, the fer-
mentation process may also enhance bee bread bioavailability
and bioactivity compared to bee pollen.

Bee products, including honey, propolis, bee venom or royal
jelly, possess antiviral potential against DNA and RNA viruses.
Their mechanism of action involves decreasing viral load, viral
replication inhibition, reduction of DNA synthesis, or reduced
adhesion to the host cells [Otreba et al, 2025]. Furthermore,
the antiviral effects of bee products, such as honey and propolis,
are primarily attributed to a diverse array of bioactive second-
ary metabolites, specifically phenolic compounds (flavonoids
and phenolic acids), as well as specialized molecules like meth-
ylglyoxal and organic acids [Asma et al, 2022; Otreba et al., 2025].
Although other bee products, like honey and propolis, have been
extensively studied in this context, research on the antiviral po-
tential of bee bread remains relatively limited [Asma et al., 2022].
However, initial in vitro studies have provided evidence that bee
bread may inhibit mammalian viruses, including influenza A
virus [Asoutis Didaras et al,, 2022; Dimitriou et al,, 2023]. These
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initial findings provide a strong rationale for further investigation
of the antiviral activity of bee bread, particularly against clinically
important human pathogens, such as the influenza virus.

The main goal of this research was to explore the antiviral
potential of eighteen bee bread samples derived from Polish
apiaries against influenza A HIN1 virus. Its second aim was
metabolomic analysis of bee bread extracts and an attempt to
identify individual compounds or groups of compounds that
are responsible for this antiviral effect.

MATERIALS AND METHODS

= Chemicals, reagents, and cell cultures

All chemicals and reagents were purchased from commercial
sources. Minimal essential medium supplemented with Earle’s
balanced salts and fetal bovine serum was obtained from Bio-
sera (France). Bradford reagent, phosphate buffer saline (PBS),
sodium dodecyl! sulfate (SDS), 3-(4,5-dimethylthiazol-2-yl)-2,5-
-diphenyltetrazolium bromide (MTT), TPCK trypsin, sodium ni-
trite, aluminum chloride, sodium hydroxide, quercetin, formic
acid, and acetonitrile were bought from Merck (Darmstadt,
Germany). Ethanol and HCl were bought from POCH (Gliwice,
Poland). Syringe filters (0.22 um, Millex) were purchased from
Millipore (Billerica, MA, USA). Ultrapure water (18.0 MQ) was
produced using the Milli-Q Advantage A10 System (Millipore,
Billerica, MA, USA). Madin-Darby canine kidney (MCDK) cells
were obtained from Vircell (Granada, Spain), and the clinical
influenza A HIN1 strain was provided by Dr. Nikolaos Siafak-
as (ATTIKON General University Hospital of Athens, Greece).
M30F2/08 and M264R3/08 primers were obtained from Eurofins
Genomics (Ebersberg, Germany), and FastGene Scriptase Il from
Nippon Genetics (Tokyo, Japan).

= Sample preparation

The investigation of antiviral potential of bee bread included
18 samples (n=18) of dried polyfloral bee bread (BB) pellets
derived from apiaries located in different regions of Poland
(products were collected from 2020 to 2022). Sample identi-
fiers (BB1-BB18) follow the original laboratory coding; num-
bers BB5 and BB12 were not assigned at the collection stage.
All tested BB samples were firstly homogenized in a ceramic
mortar. Extracts were prepared for MTT and antiviral assays
according to the protocol described previously by Dimitriou
et al. [2023]. The BB samples were suspended in a minimum
essential medium (MEM) at a 1:10 ratio (w/w) and incubated
for 1 h at ambient temperature. Afterwards, the mixtures were
centrifuged (10,000xg, 10 min), and supernatants were filtered
through 0.22 um syringe filters. The obtained MEM extracts
were stored at 4°C for further analysis.

For total phenolic content and total flavonoid content (TPC
and TFC, respectively) determination, the BB samples were dis-
solved with MilliQ water in a 1:5 ratio (w/w) and incubated for
2 h on a rotary shaker at ambient temperature and 100 rpm.
Subsequently, suspensions were centrifuged at 10,000 rpm (cor-
responding to approximately 8,400xg) for 10 min and filtered
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using 0.22 um syringe filters. The obtained aqueous BB extracts
were stored at 4°C for further analysis.

= Cell viability assay

Cytotoxicity of the analyzed BB samples against MCDK cells
was determined with the MTT colorimetric method [Asoutis
Didaras et al,, 2022]. The MCDK cells were seeded in the wells
of 96-well plates in MEM supplemented with 2% fetal bovine se-
rum followed by 24 h of incubation at 37°C. Afterwards, the MEM
medium was removed, and 100 L of each BB MEM extract were
added into cells - the final concentrations of BB MEM extracts
inthe wells were in the range from 0.25 to 32 ul/mL. Subsequent-
ly, the Madin-Darby canine kidney (MDCK) cells treated with BB
extracts were incubated for 24 h at 37°C. Then, 20 pyL of an MTT
solution (2.5 mg/mL) were added into each well, and the plates
were incubated for 1 hat 37°C. MTT is converted into crystalline
formazan as a result of the enzymatic reduction of the tetrazoli-
um salt by mitochondrial dehydrogenases, yielding aninsoluble
product that precipitates within metabolically active cells. After
incubation, 100 pL of the MTT solvent (10% SDS and 0.01 M
HCl) were added into wells in order to dissolve the formed for-
mazan crystals. The measurement was taken at 570 nm using
a microplate reader.

= Antiviral activity assay

Antiviral activity of BB againstinfluenza AHTN1 virus was assessed
with the cell culture assay following the protocol published pre-
viously [Dimitriou et al., 2023]. The MDCK cells and the dilutions
of BB MEM extracts, ranging from 0.25 to 32 uL/mL, were pre-
pared as described in the cell viability assay section. The virus
stock of influenza A virus (IAV) in MEM was prepared ina 1:10 ratio
(v/v) with the addition of 1 ug/mL of TPCK trypsin. Afterwards,
the virus stock was mixed with BB MEM extractsin a 1:1 ratio (v/v).
The positive control was virus stock mixed with MEM in a 1:1 ratio
(v/v) and the negative control was just the MEM medium. Sub-
sequently, all the mixtures were incubated for 1 h at 37°C. After
incubation, the medium was removed from 96-well plates con-
taining MCDK cells, and 200 pL of the prepared mixtures (virus
stock with BB extracts, positive and negative control) were added
into the wells. All samples were tested in triplicate. The plates
containing BB extracts and both negative and positive controls
were incubated at 37°C and examined daily for the development
of cytopathic effect (CPE). Afterwards, the plates were stored at
—80°C for further analysis.

RNA extraction was performed to isolate the viral RNA from
infected MDCK cell cultures after exposure to the analyzed ex-
tracts [Dimitriou et al, 2023]. Because influenza A is an RNA virus,
extracting its genome is essential for downstream quantification.
Real-time PCR targeting the M gene of the virus was then used
to measure the remaining viral RNA copies, thereby indicating
how strongly each sample of BB extract inhibited viral replication
ordirectly inactivated the virus. A reverse transcription assay was
performed using an M30F2/08 primer targeting the M gene
segment 5-ATGAGYCTTYTAACCGAGGTCGAAACG-3' (Eurofins
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Genomics) and FastGene Scriptase Il (Nippon Genetics) accord-
ing to the manufacturer’s protocol. The synthesized cDNA was
stored at —80°C for further analysis.

Antiviral activity was determined by comparative real-time
PCR according to protocols provided in earlier works [Asoutis
Didarasetal., 2022; Dimitriou et al., 2023]. The relative concentra-
tion of viral titer in MCDK cells incubated with different concen-
trations of BB extracts compared to the viral titer in the control
sample (MCDK cells incubated with the virus without any supple-
mentation with BB extract) was calculated targeting the M gene
segment M30F2/08 5-ATGAGYCTTYTAACCGAGGTCGAAACG-3/
/M264R3/08 5-TGGACAAANCGTCTACGCTGCAG-3' [Eisfeld et
al, 2014]. The comparative real-time PCR was conducted using
an Eco48 instrument (PCRmax, Staffordshire, United Kingdom)
according to the following protocol: 95°C for 2 min, 40 cycles
of 95°C for 5 s and 60°C for 30 s followed by a melting curve
analysis step. Cycle threshold (Ct) values were used to calculate
the relative concentration as a means of 2°2¢t Controksamele) 5ecord-
ing to EcoStudy (PCRMax).

H Calculation of cytotoxicity concentration, half maximal

inhibitory concentration, and selectivity index
In this study, the MTT assay was used to calculate cytotoxicity
concentration (CCsp) of the analyzed BB extracts against MDCK
cells. CCyp is the concentration of the agent (in this case: BB ex-
tracts) that reduces the uninfected cell viability by 509% [Cavalli
etal, 2012].The absorbance values obtained for each concentra-
tion of BB extracts were normalized to the untreated cell con-
trol. A dose-response curve was generated by plotting sample
concentration against the percentage of viable cells (GraphPad
Prism 10, GraphPad Software, Inc,, La Jolla, CA, USA), and the CCy
value was defined as the concentration that reduced cell viability
to 50% of the control.

For the estimation of the antiviral potential of BB extracts,
the calculation of the half maximal inhibitory concentration (ICs)
was used, and it is a measure of the effectiveness of a compound
in inhibiting biological/biochemical function. [Hendriks, 2010].
The ICso was determined on the basis of quantitative real-time
PCR data. The relative amount of viral RNA in each condition was
calculated in comparison to the positive control. Dose-response
curves were then generated in GraphPad Prism 10 (GraphPad
Software) by plotting sample concentration against the percent-
age reduction in viral RNA levels. The ICsq value was defined as
the concentration of the sample that produced a 50% decrease
in viral RNA quantity relative to the untreated virus control.

The selectivity index (SI), defined as the ratio of cytotoxicity to
antiviral activity [McGaw et al., 2014], was calculated considering
both CCsg and 1Csy.

= Total phenolic content and total flavonoid content
determination

The total phenolic content (TPC) of the BB aqueous extracts

was quantified using the Folin-Ciocalteu method, following

the protocol described previously [Petka et al., 2021] with small
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modifications. Briefly, 50 pL of the Folin—Ciocalteu reagent, dilut-
ed at 1:10 (v/v) with deionized ultrapure water, were combined
with 10 pL of the BB aqueous extract. After 5-min incubation,
40 pL of a 7.5% sodium carbonate solution (Na,COs) were added,
followed by 100 pL of ultrapure water to obtain the final reac-
tion volume of 200 uL. The mixture was incubated for 30 min
at ambient temperature, and, subsequently, absorbance was
measured at 725 nm using a microplate reader (TECAN Spark
10M, Grodig, Austria). The calibration curve was plotted with fresh
gallicacid standard solutions in the range of concentrations from
0to 2.0 mg/mL. The TPC in BB aqueous extracts was expressed
as mg of gallic acid equivalent (GAE) per g of the product. All
measurements were conducted in triplicate.

The total flavonoid content (TFC) was determined using
amodified version of the method reported previously [Gull etal,,
2018]. Briefly, 125 pL of distilled water were dispensed in the wells
of a 96 well-plate and mixed with 25 plL of BB aqueous extracts
and 10 pL of 5% NaNO,. After 5 min of incubation at room
temperature, 15 pL of 10% AICl; were added, and the plate was
incubated 30 min at ambient temperature in the dark. After
incubation, 50 uL of TM NaOH were added. Subsequently, ab-
sorbance was read at 510 nm using a microplate reader (TECAN
Spark 1T0M). TFC was calculated using a quercetin calibration
curve (concentration of quercetin from 0 to 1.0 mg/mL), and re-
sults were expressed as mg of quercetin equivalent (QE) per g
of the product. All measurements were performed in triplicate.

u  Metabolomicanalysis using ultra-performance liquid

chromatography-high-resolution mass spectrometry
Ultra-performance liquid chromatography-high-resolution mass
spectrometry (UPLC-HRMS) analysis enabled the comprehensive
profiling and tentative identification of compounds of diverse
classes in bee bread based on their chromatographic behavior,
accurate precursor ion masses, and characteristic fragmentation
patterns. The gathered tandem mass spectrometry (MS/MS)
data were compared with reference fragmentation patterns,
exact masses, and structural annotations available in the Hu-
man Metabolome Database (HMDB), PubChem, and previously
published literature which provided spectral libraries, reported
MS/MS data, and structural information necessary for tentative
compound identification.

Aqueous extracts were prepared by suspending raw bee
bread material in MilliQ water at a ratio corresponding to 200 mg
of the starting material per mL of the solvent (w/v). The suspen-
sions were vortexed, allowed to extract, and the soluble fraction
was collected after filtration through 0.22 um syringe filters.
The filtrates were subsequently analyzed using the UPLC-HRMS
technique as described in a previous work with small modi-
fications [Litewski et al,, 2024]. A quality control (QC) sample
was prepared by combining equal aliquots of all bee bread
extracts included in the study. The QC mixture was processed
and analyzed in the same manner as the individual samples.
QCinjections were used to monitor UPLC-HRMS system stability,
assess analytical reproducibility, and support data normalization
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during metabolomic analysis. The UltiMate 3000 UHPLC sys-
tem by Thermo Scientific Dionex (Waltham, MA, USA) com-
posed of a quaternary pump, a well plate autosampler, a col-
umn compartment equipped with a 100 A Luna Omega Polar
C18 column (150%2.1 mm, 1.6 um, Phenomenex, Torrance, CA,
USA), and a diode array detector was used. It was coupled with
a high-resolution Thermo Q-ExactiveTM Focus quadrupole-
-Orbitrap mass spectrometer, manufactured by Thermo (Bremen,
Germany). The entire chromatographic system was managed
using Chromeleon 7.2.8 software from Thermo Fisher Scientific
(Waltham, MA, USA).

The chromatographic separation was performed using a mo-
bile phase consisting of (A) water acidified with formic acid
(0.1%, v/v) and (B) acetonitrile acidified with formic acid (0.1%,
v/v). The system operated at a constant flow rate of 0.3 mL/min.
The gradient elution began at 5% solvent B and increased linearly
to 25% B over the first 5 min. It then continued to rise gradually,
reaching 50% B at 18 min, followed by a rapid increase to 80% B
at 19 min.The gradient then progressed to 100% B by the 25 min
and was held constant at this level until 30 min. The initial mobile
phase was run for 7 min to condition the column. The injection
volume of the samples was 4 pL. The analytes were ionized using
heated electrospray ionization (HESI) operated in both positive
and negative ion modes. The sheath, auxiliary, and sweep gas
flow rates were set to 35, 15, and 3 bar, respectively. lonization
was performed with a spray voltage of 2.5 kV, and the S-lens
radio frequency (RF) level was maintained at 50. The capillary
temperature was adjusted to 350°C, while the heater was set
to 300°C. For the full mass spectrometry (MS) scan, the mass
range covered 120 to 1,200 m/z with a resolution of 70,000 full
width at half maximum (FWHM). The automatic gain control
(AGC) target was 2x10°, and the maximum injection time was
100 ms. MS2 parameters included a resolution of 17,500 FWHM,
anisolation window of 3 m/z, a collision energy of 30 eV, an AGC
target of 1x10° and a maximum injection time of 100 ms. Data
processing was performed using Compound Discoverer 3.3
software (Thermo Fisher Scientific) and Freestyle 1.3 software
(Thermo Fisher Scientific). Compound identification was per-
formed using the Compound Discoverer 3.3 workflow, which
included accurate mass matching, isotopic pattern evaluation,
and MS/MS fragmentation pattern comparison against spectral
libraries (mzCloud and ChemSpider). Putative identifications
were assigned based on mass accuracy, retention time behavior,
and fragmentation similarity.

m  Statistical analysis

The presented data are shown as the means and standard devia-
tion (SD) derived from three measurements. The Shapiro-Wilk test
of normality was used to determine data distribution. One-way
ANOVA (a=0.05) was run separately on TPC and TFC to assess
total variance, followed by pairwise comparisons using Tukey's
honestly significant difference (HSD) test. Statistical groupings
were derived using a custom compact letter display approach
based on non-significant Tukey comparisons (p>0.05), assigning
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alphabetical labels in descending mean order. Statistical analysis
of TPC and TFC results was conducted by Python (version 3.13.5,
Python Software Foundation, Wilmington, DE, USA) with stats
model package (version 0.14.5, NumFOCUS, Austin, TX, USA).
A correlation analysis was performed to investigate the associa-
tions among cytotoxicity (CCsp), antiviral activity (ICs), selectivity
index (Sl), and phytochemical parameters (TPC and TFC). Because
the data were not normally distributed, non-parametric Spear-
man rank correlation coefficients (r,) were employed to evaluate
monotonic relationships between the measured parameters.
Corresponding p-values were calculated to determine the statis-
tical significance of each correlation. All analyses were conducted
using two-tailed tests. Statistical analysis of the metabolomics
data was conducted using MetaboAnalyst 6.0 (https://www.
metaboanalyst.ca, accessed on June 11, 2025). Principal com-
ponent analysis (PCA) was performed to assess overall variation
in the data and to visualize clustering patterns among the sam-
ple groups. Differential metabolite analysis between the sam-
ples showing the greatest variation in biological activity was
performed based on a log, fold change (FC)=2. A significance

Table 1. Antiviral profile (CCsg, ICso, and Sl values) of bee bread (BB) aqueous extracts.

threshold of p<0.1 was applied to distinguish differential me-
tabolites from non-significant ones.

RESULTS AND DISCUSSION
u  Antiviral potency of bee bread extracts
The cell viability assay with the use of an MTT dye was performed
to estimate the toxicity level of BB MEM extracts on MCDK cells.
The cytotoxicity was expressed as CCsq and varied from 1.33 to
15.97 ul/mL for all tested samples (Table 1). The least toxic BB
sample was BB20 (15.97 uL./mL) followed by BB3 (11.80 pulL/mL).
The results obtained after comparative real-time PCR re-
vealed a decreasing copy number of IAV HINT after the treat-
ment with the BB MEM extracts. The half minimum inhibitory
concentration (ICs) of the samples that exhibited antiviral activity
was in the range from 0.13 ul/mL (BB13) to 1.09 uL/mL (BB7
and BB15). The ICs, values differed among the tested BB sam-
ples, indicating that the antiviral activity of BB might depend
on the botanical origin and/or the chemical composition of BB.
The calculation of selectivity index (SI) was performed taking
into consideration both CCsoand ICs values. According to Cavalli

BB sample Sample location CCsp (pL/mL) 1Cso (pL/mL) _

Legnica 2221062
BB2 Malbork 5654048
BB3 Bielsko-Biata 11.80+1.12
BB4 Cychry 3244057
BB6 Czaplinek 3.7940.74
BB7 Mielec 3.18£045
BB8 Mielec 6.74£1.79
BB9 ND 7.81+1.78
BB10 Brusy 5.56+1.87
BB11 Czestochowa 52740.99
BB13 Malbork 2.59+0.33
BB14 Suchorzew 3.51£0.57
BB15 Mitogoszcz 2324049
BB16 Mitogoszcz 3.19+1.06
BB17 Majdan Starowiejski 5.58+0.94
BB18 Warka 1.33£0.21
BB19 Modzele 3.09+044
BB20 Gajewo 15.97+1.05

0.15+0.04 1493
0.34+0.14 16.66
0.40£0.16 29.66
0.64+0.22 5.07
1.08+0.76 352
1.09£0.32 293
0.49+0.00 13.67
0.49+0.06 16.05
0.29+0.13 19.52
0.17+0.02 3147
0.13+0.07 2041
0.55+0.32 6.44
1.09£0.82 213
0.29+0.03 1091
0.53+0.01 10.51
0.25+0.01 5.29
031+0.16 9.89
0.34+042 4768

The extracts were tested in triplicate and the results are shown as mean + standard deviation. ND, no data; CCsy, 50% cytotoxic concentration; ICs, 50% inhibitory concentration;

SI, selectivity index.
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Figure 1.Total phenolic and total flavonoid content of bee breads (BB). The results are presented as mean (n=3). Error bars represent standard deviation. Different
lowercase letters above each bar denote significant differences among samples according to Tukey’s honestly significant difference post-hoc test at p<0.05.

GAE, gallic acid equivalent; QE, quercetin equivalent.

etal.[2012], higher Sl values indicate a safer and more effective
sample. The Sl values were between 2.13 and 47.68, thus they
were highly variable (over 20-fold). However, four samples re-
vealed Sl values higher than 20 meaning that the ICsq value was
more than 20 times lower than the corresponding CCs value.
These findings provide evidence supporting the antiviral activ-
ity of BB. Due to the limited number of studies on the antiviral
properties of bee bread, assessing accurately its effectiveness
against influenza remains challenging. Nevertheless, all the Sls
calculated for BB extracts in this study are comparable with
the Sl values obtained for aqueous extracts of BB presented by
Dimitriou et al. [2023]. Antiviral activity of other bee products,
such as honey, propolis or bee venom, has been described well.
These products act through several mechanisms, such as block-
ing viral entry, inhibiting replication, providing direct virucidal
effects, and stimulating the host'simmune response [Asma et al.,
2022]. For honey, ICsovalues ranged from 3.2 mg/mL (Manuka
honey) to 11.3 mg/mL (range honey) with Sl values from 22.9 to
7.1, respectively [Otreba et al, 2025]. Honey demonstrates potent
anti-influenza activity by directly deactivating viral particles be-
fore infection and utilizing bioactive metabolites, like flavonoids
and phenolic acids, to block viral attachment and entry into host
cells [Otreba et al, 2025]. Furthermore, specialized components,
such as methylglyoxal, inhibit the assembly and maturation
of new virions, while the product’s low pH and high osmolality
provide a physicochemical barrier that suppresses viral repli-
cation [Kontogiannis et al,, 2022]. In the case of propolis, this
apicultural product exhibits notable antiviral activity against
influenza A virus, with reported ICs, values ranging from 19.5
to 111.6 pg/mL [Otreba et al., 2025]. Its antiviral mechanism in-
volves the inhibition of viral adsorption and entry into host cells,
coupled with the suppression of intracellular replication through
the downregulation of viral mRNA synthesis. Additionally, spe-
cific secondary metabolites, such as 3,4-dicaffeoylquinic acid,

220

conferindirect antiviral protection by modulating host immune
responses, including the upregulation of TRAIL expression to
promote the elimination of infected cells and the enhancement
of protective antibody titers [Asma et al., 2022]. These findings
position bee bread within the broader spectrum of antiviral
bee products, suggesting that its bioactivity may follow similar
mechanistic patterns. Although the potency varies among sam-
ples, the overall antiviral profile of BB aligns with the established
antiviral potential observed for other bee products.

= Total phenolic and total flavonoid contents of bee
breads

Phenolic compounds, including flavonoids, exhibit health-pro-
moting potential, including anti-inflammatory, anti-cancer,
and antimicrobial activities [Stachelska et al., 2025]. Flavonoids
are a group of phenolic compounds that are widely present
in bee products, including bee bread. In this research, TPC of BB
ranged from 4.08 to 6.10 mg GAE/g, and TFC was in the range
from 0.22 to 0.97 mg QE/g (Figure 1). In our previous work, TPC
values varied from 16.88 to 20.18 mg GAE/g; however, it involved
ethanolic extracts of bee bread [Petka et al, 2021]. The study
of Mohammed et al.[2022] proved that 70% ethanol was the best
solvent for the extraction of phenolic compounds. Nevertheless,
despite its lower extraction efficiency, water is non-toxic and,
hence, is considered a safer alternative to ethanol, particularly
in the context of antiviral activity. Concerning the TFC, in the study
of Sawicki et al. [2022], bee bread methanolic extracts contained
approximately 5 mg of QE/mL. What is more, Mayda et al. [2020]
presented data on the total flavonoid content ranging from 1.81
to0 3.74 mg of QE/g BB, depending on botanical origin. Neverthe-
less, TFC of BB can be highly variable, as reported for BB collected
in Romania, which was lower, between 0.45 to 1.86 mg QE/q [llie
etal, 2024].This difference between samples might be attributed
to diverse botanical origin and extraction methods.
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A correlation analysis was performed to further explore po-
tential relationships among cytotoxicity, antiviral activity, selec-
tivity index, and the phytochemical characteristics of the extracts
(TPC and TFCQ), Because the Shapiro-Wilk test indicated that
the variables did not follow a normal distribution, non-parametric
Spearman rank correlation coefficients (r,) were applied. The anal-
ysis revealed a significant negative correlation between 1Cs,
and Sl (re=—0.6636, p=0.0034), as well as ICsy and CCs (r:=0.1806,
p=0.4709), demonstrating that the extracts with stronger anti-
viral potential (lower ICs, values) were associated with higher
selectivity indexes and that the antiviral activity of the extracts
was not driven by cytotoxicity. No statistically significant correla-
tions (p>0.05) were observed between ICsy, or SI and the TPC
or TFC, suggesting that the antiviral and cytotoxic properties
of the extracts were not directly dependent on their phenolic
content within the tested range. Although phenolics are often
highlighted as key contributors to the bioactivity of bee-derived
products, bee bread is known to possess a far more diverse profile
of bioactive compounds. Its fermentation process and mixed
botanical origin generate a complex matrix enriched not only
in phenolics but also in peptides, amino acids, lipids, carbohy-
drates, and various secondary metabolites [Bakour et al,, 2022;
Ciri¢ et al, 2022]. Due to its chemical diversity, it is likely that
the antiviral activity results from the combined or interacting
effects of multiple metabolite classes rather than being driven

Glycerophcspha)ipids
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Fatty acyls

solely by phenolic compounds. Because TPC and TFC obtained
through colorimetric assays offer only broad approximations
of the total phenolic and total flavonoid content, they do not
provide insight into the specific compounds present. Therefore,
a more detailed characterization of the extracts by UPLC-HRMS
was performed.

B Chemical composition of bee bread aqueous extracts
This analytical approach facilitated the annotation of 218 metab-
olites in BB aqueous extracts analyzed in both negative and posi-
tive ionization, that were classified into ten principal categories.
These included 45 flavonoids; 39 amino acids, peptides and ana-
logs; 33 carbohydrates and carbohydrate conjugates; 33 lipids; 22
phenylpropanoids and derivatives; 13 nucleic acid components;
11 organoheterocyclic compounds; 8 alkaloids and their de-
rivatives; 5 carboxylic acids; and 9 other compounds (Figure 2).
Representative total ion chromatograms (TICs) of the pooled QC
sample, acquired in both ionization modes, are shown in Figu-
re 3, illustrating the overall complexity of the analyzed BB ex-
tracts. Detailed annotations, including retention time, formula,
mass error, diagnostic fragment ions and relative abundances,
are summarized in Table S1 in Supplementary Materials.
Flavonoid glycosides, particularly derivatives of kaempferol,
quercetin, isorhamnetin, and myricetin, were the most prevalent
in bee bread (Figure 2, Table S1), which is consistent with

Glyco-amino acids
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Figure 2. A sunburst plot showing the classification of the bee bread metabolites tentatively identified by ultra-performance liquid chromatography-high-
-resolution mass spectrometry (UPLC-HRMS) analysis. Refer to Table S1 in Supplementary Materials for the full information on the metabolites shown in this plot.
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Figure 3. Total ion chromatograms (TICs) of the pooled quality control (QC) sample of bee bread extracts acquired in a negative ion mode (A) and a positive
ion mode (B). For peak identities, see Table S1 in Supplementary Materials.

findings reported by Bakour et al. [2019]. Their identification been reported in bee products, are increasingly recognized for
was based on aglycone [M—H]" ions (m/z 285.04,301.03,315.05, their antioxidant and anti-inflammatory potential [Qiao et al,,
and 317.02, respectively) and diagnostic neutral losses of sug- 2023; Zhang et al., 2025].

ar moieties. Kaempferol was identified as the most abundant Another major group of metabolites identified in bee bread
flavonoid in the majority of the analyzed bee bread extracts consisted of amino acids, peptides, and theiranalogues (Figure 2,
and was highlighted by llie et al. [2024], together with quercetin Table S1). During fermentation, pollen proteins undergo enzy-
and caffeic acid, as one of the key contributors to the antimi- matic and microbial transformation into more bioavailable forms,
crobial activity of bee bread. Phenylpropanoids and derivatives resulting in elevated levels of free amino acids and short peptides.
identified in bee bread comprised simple phenolic acids, their Specific amino acids, such as tryptophan and arginine, have been
glycosylated derivatives, and various polyamine conjugates. Caf- proposed as indicators of the botanical origin of the pollen, while
feic, p-coumaric, ferulic, vanillic, protocatechuic, gentisic, salicylic, the overall amino acid profile can offer insights into the geo-
and 4-hydroxybenzoic acids were annotated from their [M—H]~ graphical origin of bee bread [Bakour et al, 2022]. In the analyzed
ions and typical decarboxylation and demethylation fragments, bee bread extracts, the most intense signals corresponded to
while glycosylated forms showed neutral loss of hexose units. N-(1-deoxy-1-fructosyl) derivatives — Amadori rearrangement
Polyamine conjugates bearing caffeoyl, feruloyl, or coumaroyl products (ARPs) — which are key intermediates formed during
residues produced fragment ions corresponding to putrescine the early stages of the Maillard reaction. Although ARPs are rarely
or spermidine backbones. These phenolamides, which have found in nature without thermal processing, they are commonly

222



K. Matejczuk et al.

detected in bee products. In honey, for example, their levels have
been reported to gradually increase during storage [Yan et al,
2023]. Several free amino acids were annotated based on the typ-
ical neutral losses (e.g., H,O, NH;, COOH), ammonium ions, or
side-chain-specific fragment ions. The most intense signals were
observed for isoleucine and phenylalanine, both being essential
amino acids, which is consistent with previous reports indicating
that essential amino acids constitute a major part of the bee bread
amino acid pool [Urcanetal, 2021].

Lipids identified in bee bread included glycerophospholip-
ids, sphingolipids, fatty acid derivatives, and acylcarnitines (Fig-
ure 2, Table S1). Sphinganine, sphingosine, phytosphingosine,
and ceramides with varying acyl chain lengths were detected,
suggesting active lipid remodeling and potential microbial or
enzymatic transformations during pollen fermentation. Glyc-
erophosphocholine, a common phospholipid in bee products
and previously reported in bee bread [Darwish et al., 2022],
was confirmed by the diagnostic phosphocholine fragment
jon at m/z 184.07, while glycerophosphoinositol and related
phospholipids were identified from characteristic headgroup
and fatty acyl ions. Linoleic acid, one of the major fatty acids
in bee bread [Kaplan et al, 2016], together with its hydroxy-
and hydroperoxy-derivatives (e.g., 9,10-DiIHODE, 15,16-DiHODE,
9-HPODE), reflected both the high polyunsaturated fatty acid
content and oxidative/enzymatic transformations occurring
during fermentation and storage. These lipid species are nutri-
tionally relevant and may contribute to the anti-inflammatory
and cardioprotective potential attributed to bee bread [Bak-
our et al, 2022]. Carbohydrates represent another major class
of metabolites in bee bread, including simple sugars, sugar
alcohols, sugar acids, and numerous phosphorylated saccha-
rides (Figure 2, Table S1). Phosphorylated derivatives, such

A Negative mode

as mannose phosphate, glucose 1-phosphate, and bisphos-
phorylated hexoses (p-glucose 2,6-bisphosphate, p-fructose
2,6-bisphosphate), were identified from sequential phosphate
losses and diagnostic phosphate fragments, reflecting active
carbohydrate metabolism in the bee bread matrix.

Gluconic acid, a product of glucose oxidation by glucose ox-
idase and a representative of the sugar acids class, was the most
abundant compound detected across all analyzed bee bread ex-
tracts (Table S1), which is consistent with findings from previous
reports on bee products [Aksoy et al., 2024]. Its predominance is
biologically relevant, asitis a primary contributor to the acidic pH
of bee bread, which plays a key role in its antimicrobial and pre-
servative properties through direct pH reduction and synergistic
interactions with hydrogen peroxide and phenolic compounds
[Celiketal, 2022]. Several other sugar acids, including arabinonic,
galactaric, glucuronic, and tartaric acids, were also annotated.
Low-molecular-weight organic acids, such as malic, quinic, isoc-
itric, and citric acids, commonly reported in bee products, were
detected alongside methylsuccinic acid, a methylated derivative
of succinic acid not previously described in bee bread. In contrast,
acetic, lactic, succinic, and oxalic acids were not detected, due
to the mass cutoff of 120 Da applied in the analytical method,
rather than their actual absence in the bee bread matrix. Notably,
the organic acid profile of bee products remains understudied
despite its potential as a quality and authenticity marker [Aksoy
etal,2024; Celik et al,, 2022].

u Metabolomic analysis of bee bread extracts

Principal component analysis was used to visualize the varia-
tion in metabolomic profiles between the studied bee bread
samples (Figure 4). In the negative mode, the first principal
component (PC1) explained 18.1% of the total variance, while

Positive mode
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Figure 4. Results of principal component analysis (PCA) of the bee bread (BB) metabolomic data gathered from ultra-performance liquid chromatography-high-
-resolution mass spectrometry (UPLC-HRMS) analysis in a negative (A) and a positive ionization mode (B). QC, quality control sample.
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Figure 5.Volcano plots combining the results of fold change (FC) analysis and t-tests comparing metabolomic profiles of two bee bread samples with the highest
(BB20, red dots) and lowest (BB15, dark blue dots) antiviral activity determined as the selectivity index.

the second component (PC2) accounted for 14.7% of the total
variance. In the positive mode, PC1 and PC2 explained 17.1%
and 11.9% of the total variance, respectively. In both modes,
the QC sample was clustered tightly near the center of the plot,
indicating good reproducibility of the measurements and overall
analytical stability of the UPLC-HRMS system.The sample located
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furthest to the left on both the negative and positive mode
PCA (BB20) was most distinct from all other samples in terms
of its overall metabolomic profile. This pronounced separation
suggests that BB20 possesses unique metabolic characteristics,
encouraging further investigation into the factors contributing
to its divergence from the other samples. Other groups also
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formed well-defined clusters, but were positioned closer to
the center, which suggests that their profiles are more similar to
the overall dataset average. The limited overlap between clusters
highlights that PCA effectively distinguishes the metabolomic
profiles of the groups of compounds. This separation implies
that the underlying metabolic differences between groups are
substantial enough to be captured by the first two principal
components.

While PCA provides an overview of the separation between
sample groups based on their overall metabolomic profiles,
volcano plots were used to identify specific features that are
significantly different between the most contrasting samples —
BB20 (red dots), being the most active against 1AV, and BB15 (dark
blue dots), being the least active (Figure 5). The upper extremes
of the plot (both left and right) emphasize data points that
exhibit substantial fold changes along with a strong statistical
significance, marking them prime subjects for further analysis.
In the negative ionization mode, out of 1,846 detected features,
632 showed a significant decrease and 386 showed a significant
increase in BB20 compared to BB15. In turn, 1,920 features were
detected in the positive ionization mode, with 567 showing sig-
nificantly decreased abundance and 427 significantly increased
abundance in BB20.

In the negative ionization mode, the compound that
deviated the most from other compounds in BB20 sample
(log,(FC)>8) was quercetin 3-O-diglucosyl-N-acetylglucoside
(Table S1, Figure 5). Quercetin and its derivatives are recog-
nized for their antiviral efficacy against a wide array of viruses,
including major respiratory pathogens such as influenza A virus,
respiratory syncytial virus (RSV), rhinovirus (RV), and SARS-CoV-2
[Manjunath & Thimmulappa, 2022]. Their antiviral mechanism
primarily involves interference with the viral entry by altering
virion surface proteins. Consequently, quercetin may be used as
a preventive agent or be used in combination with other phar-
macological agents to enhance antiviral activity, potentially
reducing toxicity and side effects of co-administrated agents [Di
Petrillo et al., 2022]. Besides this compound, luteolin, isorham-
netin, kaempferol derivatives, and other quercetin-related flavo-
noids were also detected in the BB20 sample. These flavonoids
exhibit a broad spectrum of biological activities, encompassing
antiviral potential against many groups of viruses, such as in-
fluenza A virus [Dong et al., 2014; Ninfali et al., 2020; Yan et al.,
2019]. Importantly, the synergistic effects of flavonoid mixtures
may enhance their antiviral efficacy, underscoring the need
for further investigation into their comprehensive qualitative
and quantitative profiles [Ninfali et al,, 2020]. On the other hand,
in the BB15 sample, in both positive and negative ionization
we found outliers belonging to the group of flavonoids, such
as kaempferol, isorhamnetin, narcissin, and their derivatives.
Despite the presence of flavonoids with established antiviral
activity [Badshah et al., 2021], this particular sample exhibited
the weakest antiviral effect in the comparative analysis. This
discrepancy may be attributed to several factors, including
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a low content of active flavonoids, limited bioavailability, or
antagonistic interactions with other matrix components that
may suppress antiviral efficacy.

Furthermore, lactoyl amino acids, such as N-lactoyl-methi-
onine and N-lactoyl-leucine, were identified in the BB20 sample
(Table S1). Lactoylamino acids, derived from amino acids, might
indirectly affect immune responses by influencing amino acid
metabolism [Naja et al,, 2025]. However, there is no evidence
for their direct antiviral potential. In the study conducted by
Dimitriou et al. [2023], proteinaceous fractions isolated from bee
bread demonstrated substantial antiviral activity against IAV.
Although the detailed chemical composition of these fractions
was not characterized, the reported high selectivity indexes
imply the presence of bioactive compounds beyond commonly
characterized flavonoids or phenolic acids. Our UPLC-HRMS
analysis further revealed the presence of amino acids and related
derivatives, potentially originating from peptide-based structures
that remained unidentified due to their complex fragmentation
patterns. The occurrence of such peptides and proteinaceous
compounds may be attributed to the metabolic activity of mi-
crobial communities related to bee bread, such as lactic acid
bacteria [Asoutis Didaras et al., 2024]. These bioactive peptides
and proteins are hypothesized to contribute to the antiviral
efficacy observed. Accordingly, comprehensive proteomic pro-
filing of bee bread extracts may help explain the functional
contribution of peptide-derived components in their therapeutic
applications.

Surprisingly, analysis in the positive ionization mode revealed
a considerable presence of organoheterocyclic compounds
(Table S1). Among them, raphanusamide - a naturally occur-
ring metabolite in Raphanus sativus L. (radish) — is associated
with the plant’s phototrophic response [Chen et al,, 2023]. Other
alkaloids were identified as well, including palaudine, S-reticuline,
salsolinol, protopine, and venoterpine, that were earlier found
in many plants belonging to Loganiaceae, Papaveraceae Juss.,
and Cornaceae families [Deng et al, 2021; Jafaar et al,, 2021].
While alkaloids are known to exhibit diverse biological proper-
ties, i.e, they possess antioxidant and anti-inflammatory activity
and the ability to inhibit DNA and RNA synthesis, determin-
ing a viral replication blockage [Ponticelli et al,, 2023], the data
regarding antiviral activity of particular alkaloids found in our
study remain limited. Hence, future research could exploit their
presence and concentration in order to determine the botani-
cal origin of BB.

On the other hand, in the BB15 sample, the compounds that
deviated the most from other compounds (log,(FC)<-7) were
lipid derivatives, such as polyhydroxy fatty acids (9,10,13-tri-
hydroxystearic acid, 9,10,12,13-tetrahydroxyoctadecanoic acid
(sativic acid)), oxylipins (DIHODEs, 9-HOTrE), and lactobionic
acid (Table S1, Figure 5). Despite exhibiting diverse biological
functions [Harlina et al., 2024; Olajide & Cao, 2022], these bioac-
tive lipid derivatives have not been evaluated for their antiviral
potential.
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Interestingly, in the positive ionization mode, lysophosphati-
dylcholine (LysoPC, 18:3/0:0) (Table S1, Figure 5) appeared as
the most pronounced outlier in BB15. It has been implicated
in enhancing influenza A virus replication by modulating the host
cellular environment through MAPK, JNK, and PI3K/AKT signaling
pathways [Cha et al., 2024]. Thus, its presence may be particularly
significant in the context of lower antiviral potential of bee bread.

Nevertheless, the results obtained underscore the complex-
ity of natural matrices, where both pro- and antiviral agents can
be present simultaneously. As a result, it seems essential to assess
the overall biological impact of the entire metabolite profile,
rather than focusing solely on individual components, since
their combined interactions may influence the final bioactivity.

CONCLUSIONS

This study demonstrates that aqueous extracts of bee bread pos-
sess notable antiviral activity against influenza A virus (HIN1),
where 11 out of the 18 studied samples showed selective antiviral
action (SI>10). The observed antiviral effects were likely influenced
by the complex chemical composition of bee bread, which in-
cludes a diverse array of flavonoids, phenolic acids, amino acids,
lipids, and carbohydrate derivatives. Metabolomic profiling via
UPLC-HRMS revealed 218 distinct compounds, with flavonoids
representing the most abundant (45 compounds; 20.6% of all
annotated features) and structurally diverse class, dominated by
flavonol glycosides. Flavonoids showed the greatest inter-sam-
ple variability in relative abundance among all chemical classes
(4.2-13.3% of total peak area), with kaempferol and quercetin
derivatives collectively accounting for over 60% of total flavonoid
peak area, suggesting their key role in the observed variation
of antiviral activity across samples. Notably, quercetin derivatives
and other flavonoids with known antiviral properties were found
in the most active samples. Additionally, 39 amino acid-related
compounds (17.9% of total annotated features) and the presence
of unidentified high-mass compounds suggest the potential in-
volvement of bioactive peptides, possibly originating from micro-
bial fermentation processes. These findings support the hypothesis
that both phenolic and proteinaceous compounds contribute to
the antiviral efficacy of bee bread. Further proteomic investigations
are, however, needed to elucidate the identity and functional role
of peptide-based compounds. Overall, bee bread emerges as
a promising functional food supporting viral infection treatment,
meriting continued exploration for therapeutic applications.
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It is the author’s duty to proofread proofs for errors.
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- Works emphasizing effects of farming / agricultural conditions / weather conditions on the quality of food constituents

- Works which address plants for non-food uses (i.e. plants exhibiting therapeutic and/or medicinal effects)
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and nutrition sciences; Original papers: (maximally: 30 pages and 40 references) these are reports of substantial research; Reports on
post and forthcoming scientific events, and letters to the Editor (all up to three pages) are also invited (free of charge).

REVIEW PROCESS. All scientific contributions will be peer-reviewed on the criteria of originality and quality. Submitted manuscripts
will be preevaluated by Editor-in-Chief and Statistical Editor (except for review articles), and when meeting PJFNS'scope and formal
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requirements, they will be sent to a Section Editor who upon positive preevaluation will assign at least two reviewers from Advisory Board
Members, reviewers suggested by the author or other experts in the field. Based on the reviews achieved, Section Editor and Editor-in-
-Chief will make a decision on whether a manuscript will be accepted for publication, sent back to the corresponding author for revision,
or rejected. Once a manuscript is sent back to the corresponding author for revision, all points of the reviews should be answered or
rebuttal should be provided in the Explanation letter. The revised manuscripts will be checked by Section Editor and by the original
reviewers (if necessary), and a final decision will be made on acceptance or rejection by both Section Editor and Editor-in-Chief.

Polish Journal of Food and Nutrition Sciences uses CrossCheck’s iThenticate software to detect instances of similarity in sub-
mitted manuscripts. In publishing only original research, PJFNS is committed to deterring plagiarism, including self-plagiarism.

COPYRIGHT LICENSE AGREEMENT referring to Authorship Responsibility and Acknowledgement, Conflict of Interest and Financial
Disclosure, Copyright Transfer, are required for all authors, i.e. Authorship Responsibility and Acknowledgement: Everyone who has made
substantial intellectual contributions to the study on which the article is based (for example, to the research question, design, analysis,
interpretation, and written description) should be an author. It is dishonest to omit mention of someone who has participated in wri-
ting the manuscript (‘ghost authorship”) and unfair to omit investigator who have had important engagement with other aspects
of the work. All contributors who do not meet the criteria for authorship should be listed in an Acknowledgments section. Examples
of those who might be acknowledged include a person who provided purely technical help, writing assistance, or a department
chairperson who provided only general support. Any financial and material support should also be acknowledged. Conflict of Interest
and Financial Disclosure: Authors are responsible for disclosing financial support from the industry or other conflicts of interest that
might bias the interpretation of results. License to Publish: All articles published on the website of Polish Journal of Food and Nutrition
Sciences are available in the Open Access format, meaning they are freely accessible online without charge to anyone, anywhere.

Since volume 75, Authors publish their works under the Creative Commons Attribution 4.0 License (CC BY 4.0). Pursuant to the License terms,
Authors retain the copyright and full publishing rights without restrictions. The License permits unrestricted use, distribution and reproduc-
tion, provided that the original work is cited. The specific license terms of use are available on https://creativecommons.org/licenses/by/4.0/

In volumes 64-74, Authors published their works under the Creative Commons Attribution-NonCommercial-NoDerivs Licenses (CC
BY-NC-ND) 3.0 and 4.0, pursuant to which they retained the copyright, and other proprietary rights relating to the article, such as patent
rights, to use the substance of the article in future own works, including lectures and books, to reproduce the article for own purposes,
provided the copies are not intended for commercial re-use or for share of the adapted and derivative versions. The specific license
terms of use are available on http://creativecommons.org/licenses/by-nc-nd/3.0 and http://creativecommons.org/licenses/by-nc-nd/4.0.

In earlier volumes (47-63), Authors published their works under Copyright Transfer License, pursuant to which they retained the
right to revise, adapt, prepare derivative works, present orally, or distribute the work provided that all such use was for the personal
noncommercial benefit of the author(s) and was consistent with any prior contractual agreement between the publisher and authors.

A manuscript will not be published once the signed form has not been submitted to the Editor with the manuscript revised
after positive reviews.

CHANGES TO AUTHORHIP. Authors are expected to consider carefully the list and order of authors before submitting their manuscript
and provide the definitive list of authors at the time of the original submission. Any addition, deletion or rearrangement of author names
in the authorship list should be made only before the manuscript has been accepted and only if approved by the journal Editor. To
request such a change, the Editor must receive the following from the corresponding author: (a) the reason for the change in author
list and (b) written confirmation (e-mail, letter) from all authors that they agree with the addition, removal or rearrangement. In the
case of addition or removal of authors, this includes confirmation from the author being added or removed.

ETHICAL APPROVAL OF STUDIES AND INFORMED CONSENT. For all manuscripts reporting data from studies involving human
participants or animals, formal approval by an appropriate institutional review board or ethics committee is required and should
be described in the Methods section. For those investigators who do not have formal approval from ethics review committees,
the principles outlined in the Declaration of Helsinki should be followed. For investigations of humans, state in the Methods section
the manner in which informed consent was obtained from the study participants (i.e, oral or written). Editors may request that au-
thors provide documentation of the formal review and recommendation from the institutional review board or ethics committee
responsible for oversight of the study.

UNAUTHORIZED USE. Unauthorized use of the PJFNS name, logo, or any content for commercial purposes or to promote commercial
goods and services (in any format, including print, video, audio, and digital) is not permitted by IAR&FR PAS.

MANUSCRIPTS. A manuscript in English must be singlesided, preferably in Times New Roman (12) with 1.5-point spacing, without
numbers of lines. The Editor reserves the right to make literary corrections and to make suggestions to improve brevity. English
is the official language. The English version of the paper will be checked by Language Editor. Unclear and unintelligible version will
be returned for correction.

Every paper should be divided under the following headings in this order: a Title (possibly below 150 spaces); the Name(s) of the author(s)
in full. In paper with more than one author, the asterisk indicates the name of the author to whom correspondence and inquiries should
be addressed, otherwise the first author is considered for the corre-spondence. Current full postal address of the indicated corresponding
author or the first author must be given in a footnote on the title page; the Place(s) where the work was done including the institution
name, city, country if not Poland. In papers originated from several institu-tions the names of the authors should be marked with respective
superscripts; the Key words (up to 6 words or phrases) for the main topics of the paper; an Abstract (up to 250 words for regular papers
and reviews) summarizing briefly main results of the paper, no literature references; an Introduction giving essential background by saying
why the research is important, how it relates to previous works and stating clearly the objectives at the end; Materials and Methods with
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sufficient experimental details permitting to repeat or extend the experiments. Literature references to the methods, sources of material,
company names and location (city, country) for specific instruments must be given. Describe how the data were evaluated, including
selection criteria used; Results and Discussion presented together (in one chapter). Results should be presented concisely and organized
to supplement, but not repeat, data in tables and figures. Do not display the data in both tabular and graphic form. Use narrative form
to present the data for which tables or figures are unnecessary. Discussion should cover the implications and consequences, not merely
recapitulating the results, and it must be accomplished with concise Conclusions; Acknowledgements should be made to persons who do
not fill the authorship criteria (see: Authorship forms); Research funding should include financial and material support; Conflict of Interests:
Authors should reveal any conflicts of interest that might bias the interpretation of results; Other information including Generative Al use
declaration and other important information (See Editorial Policy section for details on the journal website). References as shown below.

REFERENCES each must be listed alphabetically at the end of the paper (each should have an Arabic number in the list) in the form
as follows: Periodicals — names and initials of all the authors, year of publication, title of the paper, journal title as in Chemical Abs-
tracts, year of publication, volume, issue, inclusive page numbers, or article id,; Books — names and initials of all the authors, names
of editors, chapter title, year of publication, publishing company, place of publication, inclusive page numbers; Patents — the name
of the application, the title, the country, patent number or application number, the year of publication.

For papers published in language other than English, manuscript title should be provided in English, whereas a note on the original
language and English abstract should be given in parentheses at the end.

The reference list should only include peer-reviewed full-text works that have been published or accepted for publication. Citations
of MSc/PhD theses and works unavailable to international Editors, Reviewers, and Readers should be limited as much as possible.

References in the text must be cited by name and year in square parentheses (e.g.: one author — [Tokarz, 1994]; two authors — [Sto-
nimski & Campbell, 1987]; more than two authors — [Amarowicz et al,, 1994]). If more than one paper is published in the same year
by the same author or group of authors use [Tokarz, 19944, b]. Unpublished work must only be cited where necessary and only
in the text by giving the person’s name.

Examples:

Article in a journal:

Stonimski, B.A, Campbell, LD, Batista, E., Howard B. (2008). Gas chromatographic determination of indole glucosinolates. Journal
of Science and Food Agriculture, 40(5), 131-143.
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Book: Weber, W., Ashton, L., Milton, C. (2012). Antioxidants — Friends or Foes? 2nd editition. PBD Publishing, Birmingham, UK. pp. 218-223.
Chapterin a book: Uden, C,, Gambino, A, Lamar, K. (2016). Gas chromatography. In M. Queresi, W. Bolton (Eds.), CRC Handbook of Chro-
matography, CRC Press Inc., Boca Raton, Florida, USA, pp. 44-46.

ABBREVIATIONS AND UNITS. Abbreviations should only be used when long or unwieldy names occur frequently, and never in the title;
they should be given at the first mention of the name. Metric SI units should be used. The capital letter L should be used for liters.
Avoid the use of percentages (% g/g,% w/w; Mol%; vol%), ppm, ppb. Instead, the expression such as g/kg, g/L, mg/kg, mg/mL should
be used. A space must be left between a number and a symbol (e.g. 50 mL not 50mL). A small x must be used as multiplication sign
between numeric values (e.g. 5 X 102 g/mL). Statistics and measurements should be given in figures, except when the number be-
gins a sentence. Chemical formulae and solutions must specify the form used. Chemical abbreviations, unless they are internationally
known, Greek symbols and unusual symbols for the first time should be defined by name. Common species names should be followed
by the Latin at the first mention, with contracting it to a single letter or word for subsequent use.

FIGURES should be submitted in separate files. Each must have an Arabic number and a caption. Captions of all Figures should
be provided on a separate page “Figure Captions”. Figures should be comprehensible without reference to the text. Self-explanatory
legend to all figures should be provided under the heading “Legends to figures”; all abbreviations appearing on figures should
be explained in figure footnotes. Three-dimensional graphs should only be used to illustrate real 3D relationships. Start the scale of axes
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