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Impact of Osmotic Dehydration and Lactic Acid Fermentation 
of Onion on the Physiological Effects in Rats

Jerzy Juśkiewicz1* , Katarzyna Grzelak-Błaszczyk2  , Dorota Napiórkowska1  , Sylwia Ścieszka3  ,  
Lidia Piekarska-Radzik3  , Elżbieta Klewicka3  , Katarzyna Jaworska1  , Joanna Fotschki4  , Michał Sójka2  ,

Robert Klewicki2  , Maria Grzegorzewska5  , Bartosz Fotschki4  

1Biological Function of Food Team, InLife Institute of Animal Reproduction and Food Research, Polish Academy of Sciences,  
Trylińskiego 18, 10-683 Olsztyn, Poland 

2Institute of Food Technology and Analysis, Lodz University of Technology, Stefanowskiego 2/22, 90-537 Łódź, Poland 
3Institute of Fermentation Technology and Microbiology, Lodz University of Technology, Wólczańska 171/173, 90-530 Łódź, Poland 

4Immunology and Food Microbiology Team, InLife Institute of Animal Reproduction and Food Research, Polish Academy of Sciences,  
Trylińskiego 18, 10-683 Olsztyn, Poland 

5The National Institute of Horticultural Research, Konstytucji 3 Maja 1/3, 96-100 Skierniewice, Poland

This study investigated the effects of four different dietary onion (Allium cepa L.) preparations from the new Allurion variety on 
body composition, metabolic parameters, hepatic gene expression, and gut microbial activity in healthy male Wistar rats. Fifty 
7-week old rats were randomly assigned to five dietary groups and fed semi-purified diets for four weeks: control, untreated
onion, osmotically dehydrated onion with a glucose-fructose syrup, and dehydrated onion further subjected to lactic acid
fermentation with Levilactobacillus brevis ŁOCK 944 and Lactiplantibacillus plantarum P27. Body weight, feed intake, and body 
composition were monitored, and blood, liver, and cecal samples were collected for biochemical, enzymatic activity, bile acid, 
short-chain fatty acid, and gene expression analyses. Dietary onion preparations reduced hepatic expression of lipogenic genes 
Hif1a, Scd1, and Acly, indicating anti-lipogenic effects. Osmotic dehydration boosted these benefits by suppressing inflammatory 
and lipogenic genes (Nfkb1, Srebf1, Tlr4) and improving plasma markers of liver function and lipid metabolism. Fermentation 
had a preparation-specific impact on liver genes that regulate fatty acid oxidation, bile acid metabolism, and inflammation.
The percentage of lean tissue decreased in dehydrated onion-fed rats, yet there were no changes in their overall body weight, 
and fermentation did not further affect their body composition. Cecal enzyme activities and bile acid profiles were modulated, 
reflecting favorable gut microbial activity. These findings demonstrate that dietary onion, particularly when processed via 
osmotic dehydration and selective fermentation, can beneficially modulate hepatic gene expression, plasma biochemistry,
and gut microbial function, supporting its potential as a functional dietary component to promote metabolic health. 

Keywords:� intestine, liver, microbial acidification, onion, osmotic drying, rat
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and fermentation with Lactiplantibacillus plantarum P27; PSCFA, 
putrefactive short-chain fatty acids; SCFA, short-chain fatty acids. 

INTRODUCTION
Onion (Allium cepa L.) is a widely consumed vegetable rich in vi-
tamins and bioactive compounds, including flavonoids (such as 
quercetin), sulfur-containing compounds, and prebiotic fibers, 
which together exert diverse health-promoting effects. Regular 
intake of onion has been associated with improvements in car-
diometabolic risk factors, including reductions in body weight, 
waist circumference, blood lipid levels, and markers of glucose 
metabolism in humans, particularly with longer supplementa-
tion periods or higher daily doses (>300 mg/day), as shown 
in randomized trials and meta-analyses [Hejazi et al., 2023]. This 
metabolic modulation likely reflects potent antioxidant and anti-
inflammatory effects of onion, which support cardiovascular 
health through lipid and blood pressure reduction, endothe-
lial function improvement, as well as potential antidiabetic ef-
fects via enhanced glycemic control [Li et al., 2020]. Onions also 
contain significant levels of prebiotic fructans that favorably 
influence gut microbiota composition and short-chain fatty 
acid production, contributing to digestive health and systemic 
metabolic benefits, and their flavonoid content has been linked 
to reduced oxidative stress [Benítez et al., 2011; Gupta et al., 2025]. 

Osmotic dehydration is a mild food processing technique 
in which plant tissues are partially dehydrated in a hypertonic so-
lution, leading to water removal while limiting high-temperature 
exposure and preserving key quality attributes of fruits and veg-
etables. Compared with conventional high-heat drying methods, 
osmotic dehydration can help retain important bioactive com-
pounds, including phenolic compounds [Yazidi et al., 2024]. Stud-
ies on onion have shown that significant amounts of flavonols, 
such as quercetin derivatives, can be preserved or stabilized 
during osmotic dehydration, suggesting that this process may 
enhance the functional value of dried onion preparations while 
improving their texture and shelf stability [Grzelak-Błaszczyk et al., 
2021]. Despite several studies on osmotic dehydration and com-
positional changes in plant foods, in the current scientific litera-
ture there are no published in vivo animal or human trials testing 
health endpoints (e.g., blood cholesterol and triglyceride content, 
liver enzyme activity) specifically after consumption of osmoti-
cally dehydrated vegetables or fruit.

Osmotic dehydration prior to further processing has been 
shown to affect the retention and stability of bioactive com-
pounds, indicating that careful selection of dehydration condi-
tions can help maintain nutritional quality of dried onion prod-
ucts. Subsequent lactic acid fermentation of osmodehydrated 
onion allows for the development of fermented products with 
potentially enhanced functional properties. It has been shown 
that fermentation does not adversely affect phenolic content 
and may even improve the profile of beneficial organic acids 
without compromising the availability of fructooligosaccharides 
[Grzelak-Błaszczyk et al., 2023]. Fermentation processes are also 
known to increase the bioavailability of phenolic compounds 

and modify carbohydrate profiles in plant foods, which can 
lead to increased antioxidant activity and greater potential for 
modulating gut health [Nowak et al., 2025]. 

The goal of this study was to thoroughly evaluate the efficacy 
of osmotic dehydration techniques utilizing a glucose-fructose 
syrup solution. This was done both as a standalone method 
and in combination with lactic acid fermentation processes. 
The aim was to develop innovative preparations from onion 
of the Allurion variety with enhanced functional properties. 
The research also focused on investigating the in vivo effects 
of these specially formulated preparations on large intestinal 
function and various metabolic parameters in rats, providing 
a comprehensive understanding of their potential health ben-
efits.

MATERIALS AND METHODS
r	 Onion preparation
The preparations were made from red-skinned onion of the Allu-
rion variety grown at the Institute of Horticulture in Skierniewice, 
Poland. After harvest, the bulbs were stripped of inedible parts 
and cut lengthwise into eight pieces. Then, five times the amount 
of the hypertonic solution was added. Osmoconcentration was 
carried out using a 50% glucose-fructose syrup (Kemikals, Gdynia, 
Poland) and a 5% sodium chloride (Chempur, Piekary Śląskie, 
Poland) solution, in a water bath with a shaker (GFL 1086, Lauda 
GFL, Burgwedel, Germany) at 25°C and a shaking frequency 
of 150 cycles/min for 2 h. After osmotic dehydration, the onion 
samples were double-rinsed with water for 5 s, blotted dry, 
and then one-third of the samples were lyophilized using an 
Alpha 1-2 LDplus lyophilizer (Christ, Osterode am Harz, Germany) 
at a vacuum of 0.26 mbar for 48 h. The remaining samples were 
immersed in sterile water at a ratio of 50 g of the material per 
100 mL and divided into two parts. Each experimental variant 
was inoculated separately with a monoculture prepared from 
an overnight culture of either Lactiplantibacillus plantarum P27 
[Ścieszka et al., 2025] or Levilactobacillus brevis ŁOCK 944 [Kle-
wicka et al., 2013]. In each case, the inoculum was added at 
10% (v/v), providing approximately 10⁷ cells/mL. Fermentation 
was conducted at 30°C for 96 h. After fermentation, the onion was 
separated from the broth, and the obtained fermented samples 
were lyophilized under the same conditions as described earlier.

r	 Analysis of onion preparations 
The proximate composition of the preparations was determined 
by AOAC International methods using the following procedures: 
protein content – 920.152; crude fat – 930.09; dry matter and ash 
content – 940.26, total dietary fiber (TDF) – 985.29 [Horwitz & 
Latimer, 2007]. 

Phenolic compound profile was determined according to 
the method described by Grzelak-Błaszczyk et al. [2020]. Onion 
preparations weighing 0.5 g (±0.0001 g) were extracted with 
70% (v/v) methanol for 15 min at room temperature in an IS 4 
ultrasonic cleaner (Intersonic S.C., Olsztyn, Poland). The process 
was repeated three times, and the filtrates from each step were 
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combined. The extracts were analyzed by the high-performance 
liquid chromatography (HPLC) method using a Dionex Ultimate 
3000 system with a photodiode array (PDA) detector and Chro-
meleon software (Thermo Fisher Scientific Inc., Waltham, MA, 
USA). A Kinetex C18 column (100 Å, 150 mm×2.1 mm, 2.6 μm; 
Phenomenex, Torrance, CA, USA) was used. The mobile phase 
consisted of solvent A (0.1% formic acid in H2O, v/v) and solvent B 
(0.1% formic acid in 90% acetonitrile, v/v), which were applied 
in the following gradient program: 0–1 min 5% B; 1–15 min 
5%–35% B; 15–17 min 35%–80% B; 17–21 min 80% B; 21–22 min 
80–5% B; and 22–30 min 5% B. The injection volume was 5 µL, 
and the mobile phase flow rate was 0.5 mL/min. Separation 
was carried out at 35°C. Chromatograms were recorded at 
a wavelength of 360 nm for flavonols and 520 nm for anthocy-
anins. The quantification was based on the following standards: 
quercetin 3,4’-diglucoside, quercetin 4’-glucoside, quercetin 
3-O-glucoside, quercetin, and cyanidin 3-glucoside chloride 
(Extrasynthese, Genay, France). The total content of identified 
phenolic compounds was calculated as the sum of flavonols 
and anthocyanins and expressed in g/100 g of preparation.

The composition of mono-, di-, and oligosaccharides was 
determined according to the method described by Grzelak 
et al. [2009] with modifications. An onion preparation of 0.5 g 
(±0.0001 g) was extracted three times for 15 min using: 2, 1.5, 
and 1.5 mL of 70% (v/v) methanol. This process was carried out 
in an IS 4 ultrasonic cleaner (Intersonic S.C.) at room temperature. 
The combined extracts were concentrated using a speed-vac-
uum centrifuge (ScanSpeed 40, Denmark). Finally, the concen-
trated solution was diluted with 1 mL of 50% (v/v) acetonitrile 
and analyzed using a Knauer HPLC Smartline system (Berlin, 
Germany) equipped with a ClarityChrome 5.0.5. data acquisition 
system and a Knauer refractive index detector (K-2301). Sepa-
ration was carried out under isocratic conditions on a Shodex 
NH₂P column (250×4 mm; Shodex, Tokyo, Japan). The mobile 
phase consisted of acetonitrile and water (68:32, v/v) and was 
used at a flow rate of 0.7 mL/min. The column temperature was 
maintained at 25°C. The following standards were used: fructose, 
glucose, sucrose, kestose, and nystose (Merck, Darmstadt, Ger-
many). The total content of identified fructooligosaccharides was 
calculated as the sum of kestose, nystose, and frutosyl nystose 
and expressed in g/100 g of preparation.

To enumerate lactic acid bacteria (LAB) in the onion prepa-
ration, 1 g of the sample was aseptically transferred into 9 mL 
of sterile physiological saline (0.9% NaCl) and homogenized 
thoroughly to obtain the initial 10–1 dilution. Serial tenfold 
dilutions were subsequently prepared using the same diluent. 
Then, 1-mL dilutions were surface-plated in duplicate onto de 
Man, Rogosa, and Sharpe (MRS) agar (Merck, Darmstadt, Germa-
ny), a selective medium for the cultivation of LAB. The inoculat-
ed plates were incubated at 30±1°C for 48 h under anaerobic 
conditions. After incubation, plates containing 30-300 colonies 
were selected for enumeration, and the bacterial counts were 
expressed as log₁₀ colony-forming units per gram (log CFU g–1) 
of onion preparation.

r	 Animals and diet
The experiment included 50 healthy male Wistar (Cmdb: WI) 
rats, aged 49 days and weighing 183.5 g on average (standard 
error of the mean: 3.447). This study was conducted in accord-
ance with the approval granted by the Local Institutional Ani-
mal Care and Use Committee (Approval No. 41/2022; Olsztyn, 
Poland, June 15, 2022). We took every precaution to minimize 
suffering and enhance the welfare of the experimental animals, 
following the principles outlined in the European Convention 
for the Protection of Vertebrate Animals Used for Experimental 
and Other Scientific Purposes, Directive 2010/63/EU. The four- 
-week feeding experiment involved five distinct experimental 
groups, each with 10 animals (n=10). The group size was calcu-
lated to ensure reliable research findings suitable for rigorous 
statistical analysis, adhering to the 3R principle – replacement, 
reduction, refinement – for ethical animal research. The rats 
were randomly assigned and housed individually in stainless 
steel cages within a controlled environment. Temperature was 
maintained at 21–22°C with a relative humidity of 60±10%. 
The facility featured a 12-h day-night cycle and a ventilation 
system providing 15 air changes per hour.

For four weeks, the rats were given unrestricted access to 
tap water and semi-purified diets. These diets were prepared 
and subsequently stored at 4°C in airtight containers until the ter-
mination of the experiment (details are provided in Table S1 
in Supplementary Materials). The diets were adapted from a ca-
sein diet for laboratory rodents as recommended by the Ameri-
can Institute of Nutrition. Five experimental treatments were 
utilized to assess the effects of four different onion preparations, 
each added at a 2% (w/w) dietary level, replacing an equivalent 
amount of maize starch (Table S1). The control diet was de-
void of any onion supplementation. In the experimental onion 
groups, four lyophilized onion preparations were evaluated: 
(i) untreated, (ii) osmotically dehydrated using a glucose-fructose 
syrup solution, (iii) osmotically dehydrated in a glucose-fructose 
syrup solution followed by lactic acid fermentation using Lev. 
brevis ŁOCK 944 (stain 944), and (iv) osmotically dehydrated 
with a glucose-fructose syrup solution followed by lactic acid 
fermentation with Lb. plantarum P27 (strain P27).

r	 Sample collection and analyses
The individual feed consumption and body weight gains 
of the rats were assessed. At the termination of the experiment, 
the rats were fasted for 8 h before being subjected to time- 
-domain nuclear magnetic resonance (NMR) analysis using a min-
ispec LF 90II analyzer (Bruker, Karlsruhe, Germany) to determine 
fat and lean tissue mass. The minispec emitted various radio 
frequency pulse sequences into soft tissues to realign the nuclear 
magnetic spins of hydrogen and subsequently detected the ra-
dio frequency signals generated by these hydrogen spins from 
the tissues. The contrast in relaxation times of hydrogen spins 
between adipose tissue and water-rich tissues was utilized to 
estimate fat and lean body mass. Following the NMR procedure, 
the rats were anesthetized intraperitoneally using ketamine 



231

J. Juśkiewicz et al.

(100 mg/kg body weight) and xylazine (10 mg/kg body weight), 
in accordance with established guidelines for the anesthesia 
and euthanasia of laboratory rodents. After performing a lapa-
rotomy, blood samples were collected from the caudal vena cava 
into heparinized and ethylenediaminetetraacetic acid tubes, after 
which the animals were euthanized by cervical dislocation. Blood 
plasma was obtained through centrifugation at 350×g for 10 min 
at 4°C and stored at −70°C until analysis. Selected internal organs 
and tissues were then dissected and weighed.

Cecal samples were promptly analyzed for contents of am-
monia, dry matter, bile acids, and short-chain fatty acids (SCFA). 
The remaining digesta were stored at −70°C. Ammonia was ex-
tracted using boric acid in Conway dishes and measured through 
titration with sulfuric acid [Conway, 1957]. The dry matter content 
was determined by drying to constant weight at 105°C. SCFA 
profile was analyzed by gas chromatography, where 0.2-g sam-
ples were mixed with formic acid, diluted with deionized water, 
and then centrifuged [Mikulski et al., 2024]. The supernatant 
was injected into a capillary column (SGE BP21; Trajan Scientific 
and Medical, Melbourne, Australia) and separated according to 
a specified temperature program: the initial oven temperature 
was 85°C, it was raised to 180°C at 8°C/min and held for 3 min. 
The temperature of the flame ionization detector and the injector 
was 180°C and 85°C, respectively. Identification and quantifica-
tion of SCFAs were based on standards sourced from Sigma- 
-Aldrich (Saint Louis, MO, USA). Contents of individual com-
pounds were expressed as µmol per g of cecal digesta. In addi-
tion, the cecal putrefactive SCFA (PSCFA) content was calculated 
as the sum of isobutyric, isovaleric, and valeric acids. Analysis 
was performed in duplicate. The bile acids (BA) in the cecum 
were determined by liquid chromatography-mass spectrometry 
(LC-MS) using a system consisting of an Agilent 1200 chromato-
graph (Stockport, United Kingdom) and an AB Sciex 4000 QTrap 
triplequadrupole mass spectrometer (Warrington, UK). A Supelco 
Ascentis Express C18 column (15×4.6 mm, 2.7μm; Sigma Aldrich) 
maintained at 40°C was used for compound separation. Elution 
was carried out in a gradient system of solvent A (5 mM am-
monium acetate in water) and solvent B (0.012% (v/v) formic 
acid in methanol) according to the following program: 0–2 min, 
50% (v/v) B; 2–20 min, 50–95% (v/v) B; 20–22 min, 95% (v/v) B; 
22–23 min, 95–50% (v/v) B; and 23–40 min, 50% (v/v) B. The in-
jection volume was 5 μL, and the mobile phase was pumped at 
the flow rate of 0.6 mL/min. Mass data acquisition was performed 
using Analyst 1.6.2 software (SCIEX, Marlborough, MA, USA). 
The internal standards: d4-cholic, d4-glycochenodeoxycholic, 
d4-glycocholic, d4-litocholic, d4-deoxycholic, and d4-chenode-
oxycholic acids, and the relative response factor, were used to 
quantify the BA. Content of individual BA was expressed as mg 
per g of cecal digesta. 

Bacterial extracellular enzyme activity in cecal digesta was 
evaluated by measuring the release rates of p- or o-nitrophenol 
from nitrophenylglucosides [Juśkiewicz et al., 2024]. This as-
sessment focused on enzymes, such as α- and β-glucosidase, 
α- and β-galactosidase, β-glucuronidase, α-arabinopyranidase, 

and β-xylosidase. The reaction mixtures were incubated at 37°C 
with p-nitrophenol and o-nitrophenol being quantified by ab-
sorbance measurement at 400 and 420 nm, respectively, follow-
ing the addition of sodium carbonate. The enzymatic activity 
was expressed as μmol of product released per hour per gram 
of digesta. To measure the total enzyme activity, the cecal digesta 
was vortexed with glass beads and centrifuged, and the resulting 
supernatant was analyzed in the same manner as for extracellular 
activity. Intracellular enzyme activity was derived by comparing 
total activity against secreted (extracellular) enzyme activities. 
Standard curves for p-nitrophenol and o-nitrophenol were used 
for calculations, and analyses were conducted in duplicate.

In whole blood, hematological parameters were measured, 
including total white blood cell count (WBC), lymphocytes (LYM), 
granulocytes (GRA), red blood cell count (RBC), hemoglobin 
(HGB), hematocrit (HCT), and platelet count (PLT), using the ABA-
CUS Jr VET Analyzer (DIATRON MI PLC, Budapest, Hungary). Blood 
plasma analysis included triglycerides (TG), total cholesterol (TC), 
HDL cholesterol (HDL), urea, glucose, albumin, and the activ-
ity of aspartate aminotransferase (AST), alkaline phosphatase 
(ALP), and alanine aminotransferase (ALT), and was performed 
with a biochemical analyzer (Pentra C200, Horiba, Tokyo, Japan). 
Based on blood plasma parameters, atherogenic coefficient (AC) 
and atherogenic index of plasma (AIP) were calculated according 
to Equations (1) and (2), respectively:

AC = (TC – HDL)/HDL	 (1)

AIP = lg(TG/HDL)	 (2)

Liver lipids were extracted according to the method of Folch 
et al. [1957]. The cholesterol and triglyceride contents in the ex-
tract were determined with the spectrophotometric method 
using commercial kits (cholesterol DST, triglycerides DST, Alpha 
Diagnostics, Ltd., San Antonio, TX, USA). Total RNA was isolated 
from liver tissue fragments weighing approximately 30 mg us-
ing the MagnifiQ 16 Total RNA Plus instant kit (A&A Biotechnol-
ogy, Gdańsk, Poland) on an NPA-32P automated nucleic acid 
extractor, following the manufacturer’s instructions. Samples 
were first homogenized in 400 µL of a Phenozol Plus reagent 
using a TissueLyser II homogenizer (Qiagen, Hilden, Germany), 
and the resulting lysates were processed automatically accord-
ing to the programmed isolation protocol. RNA concentration 
and purity were determined with a NanoDrop Lite spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA). All RNA 
samples were normalized to a concentration of 10 ng/µL using 
a TE buffer (Thermo Fisher Scientific, Cat. No. 12090015) prior 
to reverse transcription. cDNA was synthesized using the High- 
-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Sci-
entific) according to the manufacturer’s user guide (Pub. No. 
MAN0017977). Reverse transcription reactions (20 µL) were per-
formed under the following thermal profile: 25°C for 10 min, 
37°C for 120 min, and 85°C for 5 min, followed by storage at 
4°C. The resulting cDNA was pre-amplified using the Fluidigm 
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PreAmp Master Mix (PN 100-5744) with a custom pool of TaqMan 
Gene Expression Assays. Pre-amplification was conducted on 
a QuantStudio 5 Real-Time PCR System (Thermo Fisher Scientific) 
following the Fluidigm protocol (PN 100-5876), with the follow-
ing cycling conditions: 95°C for 2 min; 14 cycles of 95°C for 15 s 
and 60°C for 4 min. The pre-amplified products were diluted 
(1:5, w/v) in a Dilution Reagent (Fluidigm PN 100-8726) before 
quantitative PCR (qPCR) analysis. Quantitative gene expression 
analysis was carried out using the Biomark HD System and Juno 
Controller (Fluidigm Corporation, South San Francisco, CA, USA) 
with the 192.24 Dynamic Array Integrated Fluidic Circuit (IFC), 
following the manufacturer’s guidelines (PN 100-6170). Each 
reaction contained diluted, preamplified cDNA combined with 
TaqMan Universal PCR Master Mix (2X), TaqMan Assay, GE Sample 
Loading Reagent and GE Assay Loading Reagent. The IFC was 
loaded using the Juno Load Mix 192.24 GE script, and qPCR was 
performed on the Biomark HD using the GE 192×24 Standard 
v1 protocol. Data was acquired using the Fluidigm Real-Time 
PCR Analysis Software, with default baseline and threshold set-
tings applied. Gene expression data were expressed relative to 
the reference gene (glyceraldehyde-3-phosphate dehydroge-
nase, GAPDH) and were presented as relative fold gene.

Plasma samples were analyzed utilizing the Olink Target 96 
Mouse Exploratory kit (Olink Proteomics, Uppsala, Sweden) 
in accordance with the manufacturer’s recommended proto-
col. Initially, serum samples were thawed on ice and centrifuged 
at 4°C to eliminate any particulate matter prior to processing. 
The samples then underwent an overnight incubation at 4°C 
with oligonucleotide-labeled antibody pairs specific to the tar-
get proteins, facilitating the formation of antigen-antibody com-
plexes and enhancing assay sensitivity and specificity. Following 
the formation of these immune complexes, proximity extension 
assay (PEA) technology was employed to promote the hybridiza-
tion of complementary oligonucleotides, followed by enzymatic 
extension to generate unique DNA reporter sequences for each 
target protein. The QuantStudio 5 Real-Time PCR System (Applied 
Biosystems, Foster City, CA, USA) was used for pre-amplification 
of these reporter sequences, ensuring they reached detectable 
levels to enhance signal reliability. Sample loading and integrated 
fluidic circuit (IFC) priming were performed using the Juno system 
(Standard BioTools, South San Francisco, CA, USA), strictly adher-
ing to the manufacturer’s instructions to maintain optimal fluidic 
integrity and assay performance. Protein expression signals were 
quantified using qPCR amplification with the Biomark HD system 
(Standard BioTools), enabling the simultaneous quantification 
of multiple targets in a highly multiplexed assay format. Data nor-
malization was conducted with the help of internal and external 
assay controls provided by the manufacturer, ensuring the quality 
and consistency of the results. Protein expression values were 
reported as Normalized Protein eXpression (NPX) units, calculated 
using the Olink NPX Signature software (Olink Proteomics). 

r	 Statistical analysis
The results are presented as average values, complemented 
by the standard error of the mean (SEM) to provide insight 

into data variability. To assess the statistical significance of dif-
ferences among the various experimental treatments, namely 
the control, untreated onion, dehydrated onion, and dehydrated/
fermented onion groups, a one-way analysis of variance (ANOVA) 
was employed (STATISTICA software, version 14.0; StatSoft Corp., 
Krakow, Poland). Following this analysis, a Tukey post-hoc test was 
conducted to identify significant differences among the groups. 
Additionally, effect sizes were calculated using partial eta squared 
(ηp²), which quantifies the proportion of total variance that can 
be attributed to the specific factor under consideration, while 
effectively isolating the influence of other factors. Data were 
tested for normality using the Shapiro-Wilk test prior to ANOVA. 

RESULTS AND DISCUSSION
Results showing the effects of the applied technological pro-
cesses on the chemical composition of onion preparations are 
presented in Table 1. The rate of loss of chemical compounds 
during osmotic dehydration is affected by process conditions, 
including the concentration and temperature of the hyper-
tonic solution, immersion time, the sample-to-solution ratio, 
and the agitation or circulation of the osmotic solution [Revaskar 
et al., 2014; Yazidi et al., 2024]. The onion preparations subjected 
to osmotic concentration followed by lactic acid fermentation 
exhibited reduced contents of protein, dietary fiber, fructoo-
ligosaccharides (FOS), and phenolics. In contrast, the contents 
of their simple sugars, sucrose, and ash increased. Similar changes 
have been reported in previous studies on onion subjected to 
osmotic dehydration in sucrose and sodium chloride solutions 
[Grzelak-Błaszczyk et al., 2021], followed by lactic acid fermenta-
tion [Grzelak-Błaszczyk et al., 2023].

The effect size analysis revealed that the applied dietary 
treatments with onion preparations had a moderate to large 
effect on fat and lean tissue content in the rat’s body as well 
as on relative mass of spleen, liver, kidneys and epididymal 
white adipose tissue (ηp2=0.063–0.201; Table 2). The one-way 
ANOVA and Tukey post-hoc test showed a significant increase 
in the body’s lean tissue percentage in rats fed a diet supple-
mented with osmotically dehydrated onion preparation (p<0.05; 
GD vs. control group). These moderate-to-large effect size values 
indicate that a substantial proportion of the variance in internal 
organ weights as well as fat and lean tissue contents can be 
attributed to the dietary onion intervention, suggesting it has 
practical significance. In a 12-week randomized, double-blind, 
placebo-controlled trial, supplementation with an onion peel ex-
tract significantly reduced body weight and percentage of body 
fat in overweight and obese adults compared with placebo [Lee 
et al., 2016]. In Zucker diabetic fatty rats, dietary supplementa-
tion with a whole onion extract reduced body weight gain 
and adipose tissue weight compared with controls [Yoshinari 
et al., 2012]. In our study, we observed that the lean tissue per-
centage in rats was significantly reduced when they consumed 
a diet containing dehydrated onion, without any accompanying 
changes in body weight. The fermentation processing applied 
to the dietary onion preparation did not yield any additional ef-
fects on body fat or lean tissue composition. Some researchers 
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have noted that changes in gene expression are consistent with 
a pattern of decreased hepatic lipid synthesis and fat deposition, 
establishing a link between onion intake and alterations in liver 
gene expression related to fat metabolism [Chang et al., 2022].

The results in Table 3 show that the dietary addition of onion 
preparations determined 6–70% (ηp2=0.064–0.696) of the vari-
ations in the expression of the analyzed genes in the liver tissue 
of rats. The moderate effect size was noted in the case of genes: 
Ldlr, Olr1, Ptgs2, Stat3, Cyp8b1, and Fasn. In the case of the re-
maining analyzed genes, the observed effect size was large. 
The highest expression of Ahr and Pparg genes in the liver was 
observed in the GDFb group (p<0.05 vs. all other groups). All four 
onion dietary treatments caused a significant decrease in hepatic 
Hif1a, Scd1, and Acly expression compared to changes observed 
in the control animals (p<0.05). The Nfkb1 and Nrlh4 expres-
sion was the highest in the onion untreated preparation group 
(p<0.05 vs. GD, GDFa groups and p<0.05 vs. other groups, respec-
tively). The Ppara hepatic expression was elevated in the GDFb 
rats (p<0.05 vs. control and GDFa groups). The osmotic dehydra-
tion with a glucose-fructose syrup as well as subsequent lactic 
fermentation with selected bacterial strains (groups GD, GDFa, 
GDFb) caused a significant decrease in the hepatic Srebf1 and Tlr4 
expression compared to the control groups (Srebf1) and control 
and G groups (Tlr4), respectively. The GDFa dietary treatment 
caused a significant increase in the Lpl, Cyp27a1, Cyp7a1 expres-
sion in the liver as compared to all other treatments (p<0.05). 
The GD and GDFa groups excelled the G rats in terms of he-
patic Baat expression (p<0.05). The G rats had the highest Cpt1a 
and Fdft1 expressions in the liver (p<0.05 vs. GDFa and p<0.05 vs. 
all other groups, respectively). 

The applied dietary treatments with onion preparations 
explained 7–17% of the variance in the liver fat (ηp2=0.102; 

moderate effect), total cholesterol (ηp2=0.065; moderate effect), 
and triglycerides (ηp2=0.165; large effect) contents (Table  4). 
A one-way ANOVA analysis showed a near-significant trend to 
decreased liver TG in the GDFb group (p=0.080). The dietary 
addition of the dehydrated onion preparation caused a sig-
nificant decrease in plasma AST activity (p<0.05 vs. C), while 
the GDFa and GDFb groups exhibited decreased ALT activity 
(in both cases p<0.05 vs. C). In the case of plasma ALP, there was 
a descending tendency in its activity in the plasma in the onion 
groups (p=0.063). The dietary onion addition explained 18%, 23% 
and 24% of the variance in ALP, AST, and ALT activity, respectively. 
In the case of total cholesterol (TC) and glucose concentration, 
the respective percentages were 20% and 29% (the effect sizes: 
ηp2=0.195 and ηp2=0.286, respectively). The lowest glucose 
and TC plasma concentrations were determined in the GDFb rats 
(p<0.05 vs. C and GD, and p<0.05 vs. C, respectively). The onion 
dietary treatments exerted moderate effects on HDL concentra-
tion in the plasma and the value of atherogenic coefficient (AC; 
ηp2=0.068 and ηp2=0.088, respectively). Such size of the effect 
on triglycerides (TG) and atherogenic index of plasma (AIP) was 
noted as a large effect (ηp2=0.307 and ηp2=0.247, respectively). 
The lowest TG concentration and AIP value were determined 
in the GD group (p<0.05 vs. C and GDFa and p<0.05 vs. C, re-
spectively).

As demonstrated by the analysis of multiple liver tissue 
markers, the beneficial changes observed in the rats fed diets 
containing onion preparations, both directly in the liver tissue 
and in blood biochemical parameters, should be attributed to 
the modulation of the expression of several genes essential for 
metabolic regulation. However, it is necessary to distinguish 
which genes were activated or suppressed by the onion prepa-
ration itself and whether the applied technological processes 

Table 1. Chemical composition (g/100 g) and count of live lactic acid bacteria (LAB) (log CFU/g) of preparations from onion (v. Allurion) obtained by lyophilization 
(untreated onion), osmotic dehydration in a glucose-fructose syrup, and a combination of osmotic dehydration and fermentation with Levilactobacillus brevis ŁOCK 
944 or Lactiplantibacillus plantarum P27. 

Parameter Lyophilization Osmotic dehydration
Osmotic dehydration 

and fermentation with 
strain 944

Osmotic dehydration 
and fermentation with 

strain P27

Dry matter 84.50±0.03 88.69±0.11 84.23±0.08 84.06±0.20

Protein 11.34±0.28a 4.83±0.07b 5.67±0.32b 4.71±0.19b

F+G+S 43.94±1.28c 62.51±1.61a 54.85±3.04b 55.01±1.93b

Total dietary fiber 12.70±0.30a 4.50±0.11c 9.50±0.33b 8.30±0.00b

Crude fat 0.47±0.04 0.44±0.02 0.64±0.04 0.51±0.04

Ash 4.26±0.34b 7.62±0.33a 9.06±0.11a 8.88±0.08a

FOS 6.72±0.37a 1.78±0.13b 1.61±0.06b 1.29±0.06b

Total phenolics 1.33±0.03a 0.54±0.03b 0.51±0.02b 0.50±0.01b

Live LAB Not detected Not detected 8.64±0.14 8.16±0.15

Results are shown as mean ± standard deviation (n=3). Means within a row with unlike superscript letters are shown to be significantly different (p<0.05). F+G+S, sum of fructose, glucose 
and saccharose; FOS, fructooligosaccharides (kestose, nystose, fructosyl nystose). 
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Table 2. Final body weight (BW), daily diet intake, and internal organ weight in rats fed diets with onion preparations and a control diet.

Parameter C G GD GDFa GDFb SEM p-Value Effect  
size ηp2

Final BW (g) 327.1 330.2 329.5 334.5 326.4 2.281 0.832 0.031

Diet intake (g/day) 18.70 18.99 19.07 18.86 19.00 0.108 0.834 0.031

Fat (g) 38.55 35.46 30.98 35.43 34.55 0.994 0.203 0.121

Lean (g) 213.6 222.5 223.3 223.4 218.3 1.648 0.260 0.108

Fat (% BW) 11.76 10.72 9.462 10.63 10.57 0.300 0.206 0.121

Lean (% BW) 65.32b 67.42ab 67.77a 66.79ab 66.89ab 0.268 0.034 0.201

eWAT (g/100 g BW) 2.867 2.508 2.632 2.668 2.680 0.065 0.545 0.064

Heart (g/100 g BW) 0.270 0.265 0.265 0.262 0.265 0.002 0.880 0.025

Spleen (g/100 g BW) 0.235 0.218 0.233 0.222 0.202 0.006 0.470 0.074

Liver (g/100 g BW) 3.651 3.614 3.656 3.500 3.467 0.044 0.552 0.063

Testes (g/100 g BW) 1.019 1.018 1.024 0.994 1.030 0.010 0.811 0.033

Kidneys (g/100 g BW) 0.649 0.651 0.671 0.631 0.637 0.007 0.512 0.068

Mean values within a row with unlike superscript letters are shown to be significantly different (p<0.05; post-hoc Tukey test); ηp2, partial eta squared; SEM, pooled standard error of the mean 
(standard deviation for all rats divided by the square root of rat number, n=50); eWAT, epididymal white adipose tissue. Experimental groups: C, control diet; G, diet with 2% (w/w) of untreated 
onion (v. Allurion) preparation; GD, diet with 2% (w/w) of onion preparation obtained by osmotic dehydration in a glucose-fructose syrup; GDFa, diet with 2% (w/w) of onion preparation 
obtained by osmotic dehydration in a glucose-fructose syrup and fermentation with Levilactobacillus brevis ŁOCK 944; GDFb, diet with 2% (w/w) of onion preparation obtained by osmotic 
dehydration in glucose-fructose syrup and fermentation with Lactiplantibacillus plantarum P27.

Table 3. Gene expression in the liver tissue in rats fed diets with onion preparations and a control diet.

Gene C G GD GDFa GDFb SEM p-Value Effect  
size ηp2

Ahr 0.045b 0.031b 0.051b 0.055b 0.325a 0.029 0.002 0.312

Hif1a 0.118a 0.007b 0.013b 0.037b 0.006b 0.009 <0.001 0.432

Ldlr 0.238 0.243 0.304 0.305 0.150 0.032 0.553 0.064

Nfkb1 0.148ab 0.351a 0.118b 0.062b 0.168ab 0.027 0.005 0.273

Nr1h4 0.080b 0.207a 0.043b 0.034b 0.088b 0.014 <0.001 0.389

Olr1 0.071 0.011 0.010 0.061 0.033 0.008 0.061 0.177

Ppara 0.028b 0.145ab 0.036ab 0.022b 0.161a 0.016 0.003 0.299

Pparg 0.178b 0.004b <0.001b 0.145b 1.543a 0.129 <0.001 0.425

Ptgs2 <0.001 <0.001 0.001 0.001 <0.001 <0.001 0.530 0.066

Srebf1 1.021a 0.612ab 0.355b 0.183b 0.228b 0.067 <0.001 0.429

Stat3 0.128 0.177 0.071 0.060 0.112 0.016 0.151 0.136

Tlr4 0.470a 0.475a <0.001b <0.001b <0.001b 0.046 <0.001 0.520

Lpl 0.034b 0.025b 0.024b 0.244a 0.030b 0.019 <0.001 0.435

Scd1 15.653a 3.513b 4.262b 2.708b 3.877b 0.874 <0.001 0.629

Acly 0.339a <0.001b 0.037b 0.015b 0.072b 0.024 <0.001 0.554

Baat 1.718ab 0.847b 2.454a 2.462a 1.196ab 0.203 0.027 0.211

Cpt1a 1.050ab 2.787a 1.509ab 0.540b 1.455ab 0.217 0.013 0.241

Cyp27a1 0.132b 0.203b 0.127b 1.286a 0.185b 0.090 <0.001 0.512

Cyp7a1 0.077b <0.001b 0.031b 0.938a 0.029b 0.079 <0.001 0.431
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Table 4. Liver fat content and biochemical blood plasma parameters in rats fed diets with onion preparations and a control diet.

Parameter C G GD GDFa GDFb SEM p-Value Effect size 
ηp2

Liver

Fat (g/100 g) 15.02 13.53 13.18 13.39 14.18 0.298 0.288 0.102

TC (mg/g) 4.457 4.588 4.534 4.269 4.027 0.115 0.543 0.065

TG (mg/g) 15.90 15.83 15.28 15.26 13.21 0.344 0.080 0.165

Plasma

AST (U/L) 56.80a 51.14ab  48.32b 53.18ab 50.96ab 0.836 0.016 0.232

ALT (U/L) 22.45a 20.43ab 19.87ab 18.01b 18.55b 0.454 0.012 0.241

ALP (U/L) 176.7 166.0 164.7 162.7 156.6 2.218 0.063 0.176

GL (mmol/L) 18.63a 16.40ab 17.72a 17.47ab 15.19b 0.315 0.003 0.286

TC (mmol/L) 2.119a 1.682ab 1.833ab 1.879ab 1.591b 0.059 0.040 0.195

HDL (mmol/L 0.547 0.485 0.507 0.549 0.474 0.017 0.512 0.068

TC/HDL 3.858 3.626 3.695 3.440 3.435 0.077 0.374 0.088

AC 2.858 2.626 2.695 2.440 2.435 0.077 0.374 0.088

TG (mmol/L) 1.733a 1.307ab 1.022b 1.508a 1.295ab 0.061 0.002 0.307

TG/HDL 3.253a 2.791ab 2.124b 2.733ab 2.779ab 0.112 0.027 0.211

AIP 0.500a 0.430ab 0.303b 0.428ab 0.430ab 0.018 0.010 0.247

ALB (µmol/L) 406.8 413.1 412.9 414.3 405.1 3.865 0.927 0.018

Urea (mmol/L) 3.921 4.118 3.726 3.717 4.121 0.080 0.298 0.101

Mean values within a row with unlike superscript letters are shown to be significantly different (p<0.05; post-hoc Tukey test); ηp2, partial eta squared; SEM, pooled standard error of the mean 
(standard deviation for all rats divided by the square root of rat number, n=50); AC, atherogenic coefficient; AIP, atherogenic index; ALB, albumin; ALT, alanine aminotransferase; AST, aspartate 
aminotransferase; ALP, alkaline phosphatase; GL, glucose; TC, total cholesterol; TG, triglycerides. Experimental groups: C, control diet; G, diet with 2% (w/w) of untreated onion (v. Allurion) 
preparation; GD, diet with 2% (w/w) of onion preparation obtained by osmotic dehydration in a glucose-fructose syrup; GDFa, diet with 2% (w/w) of onion preparation obtained by 
osmotic dehydration in a glucose-fructose syrup and fermentation with Levilactobacillus brevis ŁOCK 944; GDFb, diet with 2% (w/w) of onion preparation obtained by osmotic dehydration 
in a glucose-fructose syrup and fermentation with Lactiplantibacillus plantarum P27.

Gene C G GD GDFa GDFb SEM p-Value Effect size 
ηp2

Cyp8b1 0.249 0.379 0.264 0.181 0.181 0.035 0.382 0.086

Fasn 0.312 0.285 0.136 0.282 0.092 0.040 0.303 0.099

Fdft1 0.020b 0.520a 0.006b 0.050b 0.024b 0.034 <0.001 0.696

Mean values within a row with unlike superscript letters are shown to be significantly different (p<0.05; post-hoc Tukey test); ηp2, partial eta squared; SEM, pooled standard error of the mean 
(standard deviation for all rats divided by the square root of rat number, n=50). Gene names: Ahr, aryl hydrocarbon receptor; Hif1a, hypoxia-inducible factor 1-alpha; Ldlr, low-density 
lipoprotein receptor; Nfkb1, nuclear factor kappa b subunit 1; Nr1h4 (Fxr), nuclear receptor subfamily 1, group H, member 4 (Farsenoid x receptor); Olr1 (Lox-1), oxidized low-density 
lipoprotein receptor 1 (Lectin-like oxidized LDL receptor-1); Ppara, peroxisome proliferator-activated receptor alpha; Pparg, peroxisome proliferator-activated receptor gamma; Ptgs2, 
prostaglandin-endoperoxidase synthase 2; Srebf1, sterol regulatory element binding transcription factor 1; Stat3, signal transducer and activator of transcription 3; Tlr4, toll-like receptor 4; 
Lpl, lipoprotein lipase; Scd1, steaoryl-CoA desaturase 1; Acly, ATP citrate lyase; Baat, bile acid-CoA: amino acid N-acyltransferase; Cpt1a, carnitine palmitoyltransferase 1a; Cyp27a1, cytochrom 
P450 family 27 subfamily a member 1; Cyp7a1, cytochrom P450 family 7 subfamily a member 1; Cyp8b1, cytochrom P450 family 8 subfamily b member 1; Fasn, fatty acid synthase; Fdft1, 
farnesyl-diphosphate farnesyltransferase 1. Experimental groups: C, control diet; G, diet with 2% (w/w) of untreated onion (v. Allurion) preparation; GD, diet with 2% (w/w) of onion 
preparation obtained by osmotic dehydration in a glucose-fructose syrup; GDFa, diet with 2% (w/w) of onion preparation obtained by osmotic dehydration in a glucose-fructose syrup 
and fermentation with Levilactobacillus brevis ŁOCK 944; GDFb, diet with 2% (w/w) of onion preparation obtained by osmotic dehydration in a glucose-fructose syrup and fermentation 
with Lactiplantibacillus plantarum P27. 

Table 3 cont. Gene expression in the liver tissue in rats fed diets with onion preparations and a control diet.
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(osmotic dehydration with a glucose-fructose syrup and sub-
sequent lactic acid fermentation with selected bacterial strains) 
exerted any additional effects. Accordingly, regardless of further 
modification of the onion preparation through dehydration 
and fermentation, a beneficial reduction in the expression of Hi-
f1a, Scd1, and Acly was observed in all dietary groups receiving 
onion preparations. It is well known that the activation of Hif1a 
via downstream genes, such as Srebp1 and Fasn, promotes lipo-
genesis, and that Hif1a is often excessively activated in pathologi-
cal conditions, such as non-alcoholic fatty liver disease (NAFLD) 
[Zeng et al., 2025]. In turn, Scd1 regulates the synthesis of triglyc-
erides, phospholipids, and cholesterol, and increased expres-
sion of this gene promotes lipogenesis and may contribute to 
hepatic steatosis [Yu et al., 2025]. Similarly, elevated Acly activity 
enhances lipogenesis and lipid accumulation in hepatocytes 
[Rauckhorst et al., 2025]. Consistent with these findings, Son et 
al. [2024] reported that a dietary onion extract rich in quercetin 
modulated hepatic gene expression of key regulators of lipid 
metabolism, including Srebp1, Fasn, Ppara, and Cpt1a, and that 
these changes were accompanied by improved lipid profiles 
and reduced serum triglyceride and low-density lipoprotein 
(LDL) levels in rats fed a high-fat diet. 

In the present study, the application of osmotic dehy-
dration of onion (v. Allurion) in a glucose-fructose syrup re-
sulted in a health-beneficial reduction in the hepatic expres-
sion of the Nfkb1, Srebf1, and Tlr4 genes. Increased expression 
of the first of these genes is observed in chronic inflammatory 
states associated with non-alcoholic fatty liver disease (NAFLD) 
and enhanced immune activation; moreover, sustained acti-
vation of the NF-κB transcriptional complex (including Nfkb1) 
exacerbates liver tissue fibrosis [Cordero-Pérez et al., 2025]. In 
turn, the overexpression of Srebf1 promotes lipogenesis in re-
sponse to metabolic signaling and leads to increased lipid stor-
age in hepatocytes [Yang et al., 2020]. Elevated Tlr4 expression 
may trigger inflammatory responses and activate hepatic stellate 
cells, which are responsible for collagen production and the pro-
gression of liver fibrosis [Ding et al., 2025]. In our study, the most 
favorable changes in plasma biochemical parameters, namely 
AST activity, triglyceride (TG) concentration, and the atherogenic 
index of plasma (AIP), were observed in the rats fed the GD diet 
containing onion prepared by osmotic dehydration with a glu-
cose-fructose syrup. Osmotic dehydration is a low-temperature 
pretreatment that partially removes water from plant tissues by 
immersion in a hypertonic solution. As this process does not 
involve high thermal exposure, it enables better preservation 
of heat-sensitive nutrients compared with conventional hot- 
-air drying, particularly vitamins, polyphenols, and flavor com-
pounds that are susceptible to degradation under conditions 
of elevated temperature and oxygen [Galus et al., 2025; Yadav & 
Singh, 2014]. Of course, the literature on the health-promoting ef-
fects of consuming fermented fruits and vegetables is extensive. 
However, these studies do not address the effects of consum-
ing products that were first subjected to osmotic dehydration 
before fermentation. We aimed to fill this gap in knowledge 

with the present experiment. The combined application of de-
hydration and fermentation produced some effects that were 
not observed in the C, G, or GD groups. Specifically, beneficial 
changes were observed in hepatic gene expression: Ahr, Ppara, 
and Pparg (with the preparation fermented using the probiotic 
strain P27) and Lpl, Cyp27a1, and Cyp7a1 (with the preparation 
fermented using strain 944). As suggested by Shang et al. [2023], 
endogenous Ahr activation via dietary or microbial ligands can 
confer hepatoprotection and reduce inflammation. Increased 
Ppara expression is associated with enhanced insulin sensitivity 
in tissues as well as enhanced fatty acid β-oxidation, decreased 
plasma triglycerides, anti-inflammatory effects (e.g., inhibition 
of NF-κB activation), and anti-steatotic action in the liver. Con-
versely, increased Pparg expression can promote hepatic steatosis 
under certain conditions, such as NAFLD, but it can also attenuate 
inflammation (through NF-κB inhibition) and exert antifibrotic 
effects [Sepehri et al., 2025]. Indeed, the most favorable changes 
in parameters, such as liver triglycerides (TG) and plasma levels 
of alkaline phosphatase (ALP), glucose, and total cholesterol (TC), 
were observed in our study in the GDFb group.  

The counts of total white blood cells (WBC) and lympho-
cytes (LYM) were affected by the onion dietary treatments 
in a moderate manner (Table S2 in Supplementary Materials; 
ηp2=0.085–0.117). The neutrophil (NEU) count and percent-
age were the highest in the G group (p<0.05 vs. all other onion 
groups, and p<0.05 vs. GDFb, respectively). The onion treatments 
explained 30 and 25% of the variance in NEU count and percent-
age, respectively. The addition of dietary onion preparations to 
rat diets exerted a moderate to large effect on their red blood 
cell count, hemoglobin level, hematocrit percentage, and red 
cell distribution width (ηp2=0.100–0.140). The size of the ef-
fect of the dietary factor on platelet count and mean platelet 
volume was moderate (ηp2=0.065–0.086), while a large effect 
was noted on platelet distribution width (ηp2=0.175). The above 
hematological changes should be regarded as a physiological 
response within normal limits. The increased NEU level observed 
in group G (untreated onion preparation), in the absence of al-
terations in other blood parameters, should not be associated 
with elevated stress levels or infectious conditions [Herrero-
Cervera et al., 2022]. 

The dietary addition of onion preparations explained 14% 
and 20% of the variance in relative cecal digesta mass and cecal 
digesta pH value, respectively, meaning that dietary manipula-
tion had a strong influence (Table 5). The dietary treatment 
with untreated onion preparation (group G) significantly low-
ered digesta pH in the cecum as compared to the control rats 
(p<0.035). The applied dietary onion treatments had a moder-
ate effect (ηp2=0.068–0.088) on cecal acetic and valeric acid 
contents, while a large effect was noted for cecal butyric acid 
level (ηp2=0.143). The butyric acid percentage in the SCFA profile 
was significantly higher in the GD group than in the C control 
animals (p=0.034; ηp2=0.202). There was a significant difference 
between the GDFa and GDFb groups in the SCFA pool (31.4 vs. 
53.3 µmol/100 g of body weight; p=0.033; ηp2=0.203). The dietary 
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Table 5. Cecal parameters in rats fed diets with onion preparations and a control diet.

Parameter C G GD GDFa GDFb SEM p-Value Effect size 
ηp2

Cecum

Cecal tissue (g/100 g BW) 0.240 0.282 0.258 0.257 0.262 0.006 0.349 0.092

Cecal digesta (g/100 g BW) 0.501 0.635 0.600 0.479 0.692 0.031 0.144 0.138

Cecal pH 7.471a 7.191b 7.385ab 7.335ab  7.265ab 0.031 0.035 0.200

SCFA (µmol/g digesta)

Acetic 42.64 41.06 41.98 39.38 46.33 1.257 0.515 0.068

Propionic 18.01 18.37 18.61 16.68 17.65 0.629 0.894 0.023

Butyric 7.171 8.436 10.50 7.650 7.779 0.407 0.128 0.143

Isovaleric 1.459 1.329 1.470 1.428 1.613 0.061 0.701 0.046

Valeric 2.643 2.055 2.261 1.958 2.101 0.116 0.374 0.088

Isobutyric 1.560 1.376 1.460 1.442 1.498 0.056 0.893 0.023

PSCFA 5.663 4.760 5.191 4.828 5.212 0.206 0.667 0.050

Total SCFA 74.03 72.62 76.28 68.54 76.96 2.094 0.739 0.042

SCFA profile (%)

Acetic 57.73 56.23 55.45 57.41 60.13 0.656 0.230 0.114

Propionic 24.29 25.60 24.09 24.22 22.96 0.561 0.709 0.045

Butyric 10.39ab 11.41ab 13.68a 11.11ab 10.15b 0.398 0.034 0.202

SCFA pool (µmol/100 g BW) 36.28ab 45.62ab 45.53ab 31.37b 53.32a 2.444 0.033 0.203

Mean values within a row with unlike superscript letters are shown to be significantly different (p<0.05; post-hoc Tukey test); ηp2, partial eta squared; SEM, pooled standard error of the mean 
(standard deviation for all rats divided by the square root of rat number, n=50); BW, body weight; SCFA, short-chain fatty acid; PSCFA, putrefactive short-chain fatty acid. Experimental groups: 
C, control diet; G, diet with 2% (w/w) of untreated onion (v. Allurion) preparation; GD, diet with 2% (w/w) of onion preparation obtained by osmotic dehydration in a glucose-fructose syrup; 
GDFa, diet with 2% (w/w) of onion preparation obtained by osmotic dehydration in a glucose-fructose syrup and fermentation with Levilactobacillus brevis ŁOCK 944; GDFb, diet with 2% 
(w/w) of onion preparation obtained by osmotic dehydration in a glucose-fructose syrup and fermentation with Lactiplantibacillus plantarum P27.

onion preparation factor accounted for 14% to 18% of the vari-
ance observed in both the intracellular and total activity of bacte-
rial α- and β-glucosidase in the cecal digesta (Table S3 in Sup-
plementary Materials). Additionally, a statistical trend indicating 
an increased release rate of these enzymes from bacterial cells 
into the cecal environment was noted in the groups fed diets 
containing onion, with p-values of 0.098 and 0.080, respectively. 
The onion preparation treatments had moderate effects on ce-
cal bacterial extracellular, intracellular and total activities of α- 
and β-galactosidase (ηp2=0.072–0.130). The highest extracellular 
and total activity of cecal bacterial β-glucuronidase was found 
in the GD group (Table 6; p<0.05 vs. all other groups, and p<0.05 vs. 
GDFa and GDFb groups, respectively; ηp2=0.396 and ηp2=0.291, 
respectively). The onion dietary treatments explained 13% 
of the variance in the percentage value of β-glucuronidase 
and α-arabinopyranosidase release rates (ηp2=0.134 and 0.127, 
respectively). The dietary onion preparation factor had a large 

effect on intracellular and total α-arabinopyranosidase activity 
in the aecal digesta of rats (ηp2=0.174 and 0.168, respectively). 
There was also a statistical tendency to an increase in intracellular 
and total α-arabinopyranosidase activity, especially in the G group 
(p=0.065 and p=0.074, respectively). The dietary addition of onion 
preparations had a moderate effect on extracellular and total 
β-xylosidase cecal activity (ηp2=0.098 and 0.084, respectively), 
and a large effect on the release rate of that enzyme (ηp2=0.179). 
The β-xylosidase release rate tended to increase in the dietary 
onion treatments as compared to the C rats (p=0.058). The in-
clusion of onion preparations in the diet did not induce highly 
significant changes in the metabolic activity of the rat cecal 
microbiota, indicating good gastrointestinal tolerance of this 
dietary supplementation. Positive effects entailed the significant 
acidification of the cecal digesta in the rats fed the diet con-
taining untreated onion preparation, an increase in the butyric 
acid pool in group GD (dehydrated onion preparation), and an 
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increase in the total short-chain fatty acid (SCFA) pool in the group 
fed a diet containing dehydrated/fermented onion prepara-
tion. The increased bacterial β‑glucuronidase activity observed 
in group GD, an enzyme generally associated with less desirable 
gut microbiota [Rauf et al., 2025], can be attributed to the lower 
fiber content and the higher simple sugar content of the onion 
osmotic‑dehydrated in a glucose-fructose syrup. Fermentation 
of this preparation led to a reduction in both the total and extra-
cellular activity of this enzyme. 

The dietary onion factor had a moderate effect on the cecal 
hyodeoxycholic, tauro-α-muricholic, tauro-β-muricholic, glyco-
cholic, and taurochenodeoxycholic acids (Table 7; ηp2=0.065– 
–0.129). The GDFa and GDFb treatments caused a significant 
decrease in the cecal lithocholic acid content as compared to 
C rats (p<0.05; ηp2=0.272). All onion groups had a significantly 
lowered β-hyodeoxycholic acid content in the cecal digesta 
vs. control group (p<0.05; ηp2=0.481). The tauro-ω-muricholic 
level in GDFa significantly excelled the GDFb group (p<0.05; 
ηp2=0.180). Changes in the bile acid content of the rat cecal 
digesta in response to dietary supplementation with onion 

preparations should be considered minor, similar to the case 
of SCFAs. The observed reduction in cecal lithocholic acid (LCA) 
in the dehydrated/fermented GDFa and GDFb groups is likely 
beneficial, as excessive LCA is cytotoxic and genotoxic. Moreover, 
lower LCA levels may reflect favorable modulation of the gut 
microbiota and its activity [Chen et al., 2025]. 

The dietary application of onion preparations had a mod-
erate effect size (ηp2=0.065–0.134; Table S4 in Supplementary 
Materials) on the following plasma relative protein expression 
levels (NPX) related to immunological status of the rat’s body: 
Aryl hydrocarbon receptor (Ahr), C-C motif chemokine 2 (Ccl2), 
C-X-C motif chemokine 9 (Cxcl9), follistatin (Fst), interleukin-1 
alpha (Il1a), interleukin-6 (Il6), interleukin-17A (Il17a), plexin-A4 
(Plxna4), tumor necrosis factor receptor superfamily member 11B 
(Tnfrsf11b), and V-set and immunoglobulin domain-containing 
protein 2 (Vsig2). A large effect size was noted in the case of trans-
forming growth factor beta receptor type 3 level (ηp2=0.146). 
The diet composition factor explained 10% and 15% of the vari-
ance in forkhead box protein O1 (Foxo1) and NAD kinase (Nadk) 
expression levels (Table S5 in Supplementary Materials). With 

Table 6. Microbial enzymatic activity in the cecal digesta in rats fed diets with onion preparations and a control diet.

Enzyme C G GD GDFa GDFb SEM p-Value Effect size 
ηp2

β-Glucuronidase

Extracellular  
(µmol/h/g digesta)

26.15b 26.42b 37.11a 21.70b 19.56b 1.375 <0.001 0.396

Intracellular  
(µmol/h/g digesta)

14.22 11.62 12.22 10.58 11.54 0.720 0.603 0.057

Total  
(µmol/h/g digesta)

40.37ab 38.04ab 49.32a 32.28b 31.10b 1.730 0.003 0.291

Release rate (%) 65.25 69.07 74.79 67.48 64.27 1.446 0.156 0.134

α-Arabinopyranosidase

Extracellular  
(µmol/h/g digesta)

2.615 3.075 3.253 3.167 3.199 0.098 0.232 0.114

Intracellular  
(µmol/h/g digesta)

1.105 1.880 1.209 1.210 1.561 0.099 0.065 0.174

Total  
(µmol/h/g digesta)

3.720 4.955 4.462 4.377 4.760 0.147 0.074 0.168

Release rate (%) 70.78 63.14 73.06 71.77 68.14 1.407 0.181 0.127

β-Xylosidase

Extracellular  
(µmol/h/g digesta)

3.361 3.396 4.362 3.707 4.226 0.189 0.310 0.098

Intracellular  
(µmol/h/g digesta)

1.843 2.217 1.760 1.385 1.872 0.205 0.808 0.034

Total  
(µmol/h/g digesta)

4.600 4.276 5.111 4.187 5.039 0.187 0.401 0.084

Release rate (%) 72.79 79.14 84.76 88.00 82.58 1.753 0.058 0.179

Mean values within a row with unlike superscript letters are shown to be significantly different (p<0.05; post-hoc Tukey test); ηp2, partial eta squared; SEM, pooled standard error of the mean 
(standard deviation for all rats divided by the square root of rat number, n=50); Experimental groups: C, control diet; G, diet with 2% (w/w) of untreated onion (v. Allurion) preparation; GD, 
diet with 2% (w/w) of onion preparation obtained by osmotic dehydration in a glucose-fructose syrup; GDFa, diet with 2% (w/w) of onion preparation obtained by osmotic dehydration 
in a glucose-fructose syrup and fermentation with Levilactobacillus brevis ŁOCK 944; GDFb, diet with 2% (w/w) of onion preparation obtained by osmotic dehydration in a glucose-fructose 
syrup and fermentation with Lactiplantibacillus plantarum P27.
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Table 7. Cecal bile acid (BA) content (mg/g digesta) in rats fed diets with onion preparations and a control diet.

C G GD GDFa GDFb SEM p-Value Effect size 
ηp2

Primary BA 42.31 43.09 39.27 42.44 41.97 2.602 0.993 0.005

 αMCA 12.08 13.17 11.82 15.05 13.25 0.886 0.813 0.033

 βMCA 28.44 28.32 25.63 25.72 27.07 1.815 0.980 0.009

 CA 1.717 1.457 1.655 1.501 1.460 0.189 0.989 0.006

 CDCA 0.068 0.142 0.162 0.172 0.199 0.035 0.820 0.032

Secondary BA 30.41 22.47 26.05 22.06 24.60 2.126 0.800 0.035

 ωMCA 7.835 10.33 7.846 8.370 8.474 0.676 0.780 0.037

 UDCA 0.506 0.999 0.739 0.662 0.856 0.124 0.780 0.037

 HDCA 0.393 0.275 0.259 0.176 0.244 0.037 0.468 0.074

 DCA 1.639 1.741 1.487 1.560 1.844 0.183 0.978 0.009

 LCA 2.219a 1.600ab 1.661ab 1.103b 0.919b 0.125 0.005 0.272

 HCA 16.52 12.35 13.70 10.03 12.07 1.323 0.639 0.053

 βHDCA 1.297a 0.162b 0.343b 0.169b 0.200b 0.090 <0.001 0.481

Conjugated BA 0.983 0.750 1.851 1.439 1.367 0.243 0.665 0.050

 TαMCA 0.203 0.094 0.193 0.449 0.306 0.054 0.291 0.102

 TωMCA 0.104ab 0.156ab 0.134ab 0.421a 0.056b 0.043 0.049 0.180

 TβMCA 0.580 0.447 1.444 0.533 0.822 0.179 0.407 0.083

 GCA 0.057 0.036 0.061 0.016 0.136 0.023 0.535 0.065

 TCDCA 0.040 0.017 0.019 0.020 0.046 0.005 0.172 0.129

Total BA 73.70 71.31 67.17 65.95 67.95 4.546 0.984 0.008

Mean values within a row with unlike superscript letters are shown to be significantly different (p<0.05; post-hoc Tukey test); ηp2, partial eta squared; SEM, pooled standard error of the mean 
(standard deviation for all rats divided by the square root of rat number, n=50); MCA, muricholic acid; CA, cholic acid; HDCA, hyodeoxycholic acid; UDCA, ursodeoxycholic acid; CDCA, 
chenodeoxycholic acid; DCA, deoxycholic acid; LCA, lithocholic acid; TMCA, tauromuricholic acid; GCA, glycocholic acid; TCDCA, taurochenodeoxycholic acid; HCA, hyocholic acid. 
Experimental groups: C, control diet; G, diet with 2% (w/w) of untreated onion (v. Allurion) preparation; GD, diet with 2% (w/w) of onion preparation obtained by osmotic dehydration 
in a glucose-fructose syrup; GDFa, diet with 2% (w/w) of onion preparation obtained by osmotic dehydration in a glucose-fructose syrup and fermentation with Levilactobacillus brevis ŁOCK 
944; GDFb, diet with 2% (w/w) of onion preparation obtained by osmotic dehydration in a glucose-fructose syrup and fermentation with Lactiplantibacillus plantarum P27.

regard to carbohydrate metabolism parameters, the plasma 
expression levels (NPX) of carboxypeptidase E (Cpe), delta-like 1 
homolog (Dlk1), enolase 2 (Eno2), and follistatin-related pro-
tein 3 (Fstl3) were characterized with a moderate effect size 
(ηp2=0.066–0.084). The lipoprotein lipase (Lpl) and perilipin-1 
(Plin1) plasma relative expression levels, which are connected 
with lipid metabolism, were characterized with a moderate effect 
size (ηp2=0.070–0.082). The dietary onion treatments explained 
11% of the variance in the expression level of epithelial cell adhe-
sion molecule (Epcam). Effect size estimates provide information 
on the magnitude of biological differences and may be informa-
tive even in the absence of statistical significance, particularly 
in studies with limited power. While our findings should be 

interpreted with caution, the observed effect sizes suggest that 
these proteins (connected with moderate to large effect size) 
may be biologically relevant and warrant further investigation 
in larger, adequately powered studies, or in dietary scenarios 
with higher supplementation doses. 

CONCLUSIONS
In summary, the observed moderate-to-large effect sizes in-
dicate that dietary onion supplementation plays a significant 
role in influencing body composition and metabolic response 
in rats. In all groups fed diets with onion preparations, there was 
a consistent downregulation of hepatic Hif1a, Scd1, and Acly, 
suggesting that onion intake exerts an anti-lipogenic effect that 
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was independent of onion processing methods. Furthermore, 
osmotic dehydration in a glucose-fructose syrup enhanced 
these benefits, as evidenced by a reduction in the expression 
of inflammatory and lipogenic genes (Nfkb1, Srebf1, Tlr4) and im-
provement in plasma markers related to liver function and lipid 
metabolism. The subsequent fermentation process exerted ad-
ditional, preparation-specific effects on hepatic genes involved 
in fatty acid oxidation, bile acid metabolism, and inflammatory 
regulation. Overall, dietary onion preparations appear to be 
valuable vehicles of these beneficial metabolic impacts, while 
the technological processing of onions can influence their speci-
ficity. These findings highlight the potential of appropriately 
processed onion preparations as functional dietary components 
that can promote metabolic health.
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Bergamot (Citrus bergamia Risso) fruit is rich in flavonoids and health-promoting compounds. However, it is not widely consu-
med unprocessed because of its bitter taste. In this study, the potential of fermenting the entire bergamot fruit, including its 
non-consumable fractions, with Lactobacillus plantarum was evaluated with respect to bacterial viability, antioxidant capacity, 
and phenolic compound content. A bergamot homogenate was inoculated with L. plantarum and incubated at 30°C for 6 days. 
Simultaneously, an uninoculated homogenate was incubated as a control. Samples collected on days 0, 2, 3, 4, and 6 were 
analyzed for total phenolic content, DPPH• and ABTS•+ scavenging activity, and contents of individual phenolic compounds, 
including neoeriocitrin, naringin, neoeriocitrin dioxalate, neohesperidin, neohesperidin dioxalate, and melitidin. The total 
phenolic content increased from 20.17 to 21.74 mg GAE/mL in the fermentation group, whereas an insignificant change was 
found in the sample without L. plantarum inoculation on day 6. Antioxidant capacity in the ABTS assay increased from 8.56 
to 9.72 mmol Trolox/L following fermentation, while it decreased to 7.63 mmol Trolox/L in the control group. The contents 
of neoeriocitrin, naringin, and neoeriocitrin dioxalate increased significantly on the 4th day, to 297.23 µg/L, 160.37 µg/L, 
and 55.86 µg/L, respectively. Melitidin content, on the other hand, decreased over the fermentation period. This study provides 
the first evidence of a change in neoeriocitrin content during bergamot fermentation and demonstrates that the 4th day of fer-
mentation represents the optimal stage for increasing bioactive compound content, while maintaining antioxidant capacity.
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INTRODUCTION
Bergamot (Citrus bergamia Risso) is a tree belonging to the Ruta-
ceae family, native to Western India, with fruits resembling yellow 
oranges in size and shape. Distinguished by health-promoting 
compounds that are uncommon in other citrus fruits, berga-
mot is valued for its rich flavonoid profile and volatile organic 
compound composition, which have led to numerous industrial 
and functional applications [Baron et al., 2021; Dosoky & Setzer, 
2018; Forlot & Pevet, 2012; Nogata et al., 2006]. However, due to 

its acidic and bitter taste, bergamot is not widely consumed as 
a fruit juice, thereby increasing interest has aroused in the alterna-
tive utilization of pectin and bioactive compounds derived from 
its juice and albedo fractions [Ballistreri et al., 2021; Capomolla 
et al., 2019; Navarra et al., 2020]. Bergamot juice, peel, and albedo 
contain considerable amounts of health-promoting compounds 
and pectin with potential prebiotic properties. Nevertheless, 
the fruit is primarily processed for essential oil extraction from 
the peel, leaving a substantial portion of the remaining biomass 
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underutilized and discarded as waste [Di Donna et al., 2020; 
Gattuso et al., 2023]. 

Among these bioactive compounds, phenolic compounds, 
particularly flavonoids, have attracted considerable attention due 
to their significant pharmacological properties. Approximately 
61 phenolic compounds have been identified in various parts 
of the bergamot fruit, including the pulp, peel, flavedo, and al-
bedo [Baron et al., 2021]. Most of these compounds are glyco-
sides and acetyl derivatives of flavones and flavanones [Baron et 
al., 2021; Nogata et al., 2006; Pernice et al., 2009]. Neoeriocitrin, 
naringin, neohesperidin, naringin dioxalate, and neohesperidin 
dioxalate constitute nearly 90% of flavanone O-glycosides [Delle 
Monache et al., 2013]. The flavonoids present in bergamot ex-
hibit numerous bioactivities, including anticancer, antioxidant, 
anti-inflammatory, antidiabetic, antibacterial, and antifungal 
properties as well as protection against the metabolic syndrome 
[Ortiz et al., 2022; Shilpa et al., 2023]. Research suggests that 
the antiproliferative and pro-apoptotic effects observed in cancer 
cells are associated with the suppression of cyclooxygenase-2 
(COX-2) expression, decreased reactive oxygen species (ROS) 
levels, modulation of oncogenic signaling pathways, and down-
regulation of nuclear transcription factor kappa B (NF-kB) [Delle 
Monache et al., 2013].

As studies have elucidated the impact of colon health on 
overall well-being, prebiotics and probiotics used in fermentation 
technology are gaining increasing importance and are becom-
ing highly researched. Fermentation plays a key role in the food 
industry by contributing to the production of functional foods 
and beverages with an enhanced nutritional value and contents 
of health-promoting compounds, such as bioactive compounds 
with increased bioavailability and beneficial end products like 
short-chain fatty acids (SCFAs) [Cecchi et al., 2024]. Ongoing stud-
ies are aimed at identifying bacterial strains during fermentation 
that do not reduce the concentrations of key components [Di 
Donna et al., 2020]. Lactobacillus species, particularly Lacto-
bacillus plantarum, play a significant role among the bacteria 
commonly used in lactic acid fermentation. L. plantarum is widely 
used in the fermentation of various food products such as dairy, 
pickles, fermented beverages, and fermented vegetables. L. plan-
tarum is recognized as safe by the Food and Drug Administra-
tion (FDA) because of its probiotic features, ability to adapt to 
environmental conditions, and ability to withstand different pH 
levels, temperatures, and salt concentrations [Behera et al., 2018].

Processing and consumption of the fruit generate consider-
able amounts of by-products, accounting for nearly half of the total 
fruit weight and consisting mainly of peels, seeds, pulp, and seg-
ment residues. This waste contains substantial quantities of bioac-
tive compounds and exhibits a high biological oxygen demand, 
thereby contributing to environmental pollution [Di Donna et al., 
2020]. Limited research has investigated the valorization potential 
of bergamot fruit, including its albedo, through microbial fermen-
tation, particularly regarding its effects on bioactive compound 
composition, antioxidant activity, and prebiotic potential. There-
fore, this study aimed to evaluate the potential of L. plantarum 

fermentation to enhance the functional properties of bergamot 
fruit, including the non-consumable albedo fraction, by analyzing 
total phenolic content, antioxidant capacity, flavonoid composi-
tion, and prebiotic characteristics.

MATERIALS AND METHODS
r	 Preparation of a bergamot homogenate
Approximately 10 kg of bergamot fruit commercially sourced 
from a local grower in the Antalya region in Turkey was used 
in this study. The fruits were washed with an iodine solution, 
rinsed, and peeled. The albedo portions were retained. The peeled 
fruits were homogenized using a Waring 8011 blender (Waring 
Laboratory Science, Torrington, CT, USA) and stored at −80°C 
until the completion of the study.

r	 Fermentation process
A commercially obtained probiotic strain of L. plantarum (Swan-
son Health Products, Fargo, ND, USA) was reactivated by inoc-
ulating it into De Man, Rogosa, and Sharpe (MRS) broth (Biokar 
Diagnostics, Beauvais, France) and grown at 36°C for 24 h. A ber-
gamot homogenate (75 mL corresponded to 75 g of fruits) was 
diluted with sterile distilled water at a 1:4 (v/v) ratio (total volume 
of 300 mL) and adjusted to pH 7.0 using 3 M KOH. Two different 
experimental setups were implemented: a control group without 
bacteria addition and a fermentation group inoculated with 
L. plantarum, 10⁶ CFU/mL (LP group). The experimental design 
was adapted from Hashemi & Jafarpour [2020]. To determine 
the optimal growth conditions, parameters such as temperature 
and incubation time were optimized, and 30°C for 6 days were 
identified as optimal for growth.

Samples (300 mL) collected on days 0, 2, 3, 4, and 6 were 
centrifuged at 2,650×g for 30 min using a 5804 R centrifuge (Ep-
pendorf, Hamburg, Germany), and the supernatant was used for 
future analysis of pH, total phenolic content, antioxidant capacity, 
and individual phenolic compound content. The fermentation 
experiments were carried out in three independent batches 
prepared at different times under identical conditions. Samples 
collected at each time point were analyzed in triplicate.

r	 Determination of total live bacteria count
For each sampling day, 100 µL of bergamot homogenates from 
both the control and fermentation groups were taken, serially 
diluted, and plated on MRS agar for the determination of vi-
able L. plantarum counts. The control group was used to verify 
the absence of contamination by indigenous lactic acid bacteria 
(LAB). The plates were incubated at 36°C for 48 h [Multari et al., 
2020]. The visible colonies were enumerated, and the results 
were presented as log CFU/mL of product.

r	 Determination of antioxidant capacity
r	 2,2-Diphenyl-1-picrylhydrazyl radical scavenging activity 

determination
A solution of 3.54 mg of 2,2-diphenyl-1-picrylhydrazyl (DPPH) 
radicals (TCI, Tokyo, Japan) in 150 mL of methanol was prepared 



244

Pol. J. Food Nutr. Sci., 2026, 76(3), 242–250

by placing in an ultrasonic bath (VCX 130 PB, Sonics and Materi-
als, Inc., Newtown, CT, USA) for 30 min. After passing through 
a 0.45 µm filter, supernatants of both control and LP groups were 
diluted at 1/20, and this dilution was used to calculate the results 
from the Trolox calibration curve. Sample solutions (0.1 mL) were 
mixed with 3.9 mL of a DPPH• solution. The absorbances were 
read at 515 nm after 30 min of incubation in the dark [Brand-
Williams et al., 1995]. For the calibration curve, Trolox (Sigma- 
-Aldrich, Saint Louis, MO, USA) solutions at concentrations of 100, 
50, 25, 12.5, 6.25, and 3.125 µmol/L were prepared and ana-
lyzed under the same conditions. The results were expressed as 
mmol Trolox/L of supernatant. 

r	 2,2’-Azinobis(3-ethylbenzothiazoline-6-sulfonic acid) 
assay 

A mixture of 360.2 mg of 2,2’-azino-bis(3-ethylbenzothiazo-
line-6-sulfonic acid) (ABTS; Sigma-Aldrich) and 67.5 mg of po-
tassium persulfate (Sigma-Aldrich) was prepared, completed to 
100 mL with a methanol and water mixture (80:20, v/v), and left 
for 16 h [Re et al., 1999]. Prior to analysis, 30 mL of this solution 
with generated ABTS•+ was adjusted to an absorbance of 0.7 at 
734 nm by adding 300 mL of a methanol and water solution 
(80:20, v/v). The calibration curve was prepared using Trolox 
solutions with a concentration range from 3.125 to 100 µmol /L. 
For the reaction, 100 µL of the sample or the standard solu-
tion was mixed with 3.9 mL of the ABTS•+ solution and left for 
15 min in the dark at room temperature, absorbance was then 
measured at 734 nm. ABTS•+ scavenging activity was expressed 
as mmol Trolox/L of supernatant based on the standard curve.

r	 Determination of total phenolic content
The total phenolic content of the bergamot supernatant was 
analyzed using the Folin-Ciocalteu reagent [Singleton et al., 1999]. 
In this method, 300 µL of supernatants were mixed with 1.5 mL 
of the Folin-Ciocalteu reagent (Merck, Darmstadt, Germany) 
diluted 10 times and 1.2 mL of a 7.5% (w/v) solution of sodium 
carbonate (Merck). After vortex mixing, the tubes were incubated 
in the dark at 25°C for 90 min, and absorbances were measured at 
760 nm using a spectrophotometer (T80+ UV/VIS spectrometer, 
PG Instruments, Lutterworth, UK). The total phenolic content 
was calculated using gallic acid standard curve and expressed 
as mg gallic acid equivalent (GAE)/mL of supernatant.

r	 Analysis of phenolic compound composition 
The phenolic compounds were identified and quantified 
in the collected samples using liquid chromatography-diode 
array detection–electrospray ionization-mass spectrometry (LC- 
-DAD-ESI-MS/MS) according to the procedure adapted from Ke-
lebek et al. [2020]. An Agilent 1100 HPLC system (Agilent Technol-
ogies, Santa Clara, CA, USA) with a diode array detector equipped 
with Windows NT-based ChemStation software was used for 
phenolic compound analysis. A reverse-phase Luna C18 column 
(4.6×250 mm, 5 μm diameter; Phenomenex, Torrance, CA, USA) 
was employed. Two different solvents were used in the mobile 

phase: solvent A consisting of water and formic acid (99:1, v/v) 
and solvent B consisting of solvent A and acetonitrile (60:40, v/v). 
Phenolic compounds were eluted under the following condi-
tions: 0–5 min, 0% B; 5–25 min, 0–5% B; 25–43 min, 5–15% B; 
43–57 min, 15–25% B; 57–88 min, 25–50% B; and 88–91 min, 
50–100% B. The flow rate was set at 0.5 mL/min, and the tem-
perature was maintained at 25°C. Ultraviolet-visible (UV-Vis) 
spectra (from 200 to 800 nm) were recorded for all the peaks. 
Samples were also analyzed using an Agilent 6430 LC-MS/MS 
system (Agilent Technologies) equipped with an electrospray 
ionization source. Detection was performed in a negative ion 
mode under optimized conditions: capillary temperature 400°C, 
capillary voltage −3 V, nebulizer gas flow 1.75 L/min, desolva-
tion gas flow 1 L/min, and spray voltage 5 kV. The identification 
of neoeriocitrin, naringin, and neohesperidin was performed by 
comparing their retention times and UV spectra with those of au-
thentic standards, and the identities were further confirmed by 
LC-ESI-MS/MS analysis in a multiple reaction monitoring (MRM) 
mode. Neoeriocitrin, naringin, and neohesperidin standards were 
purchased from Sigma-Aldrich. Neoeriocitrin dioxalate, melitidin, 
and neohesperidin dioxalate were tentatively identified based on 
their UV spectra, MS/MS fragmentation patterns, and literature 
data. These tentatively identified compounds were semi-quanti-
fied as equivalents of the structurally closest available standards. 
Quantification was carried out using calibration curves prepared 
from the available authentic standards, with regression coeffi-
cients consistently exceeding 0.995. The calculated amounts 
of phenolic compounds were expressed as mg/L of supernatant.

r	 Statistical analysis
The data obtained in this study were analyzed using SPSS Sta-
tistics for Windows 25.0 (IBM, Armonk, NY, USA). For quantitative 
data comparisons in normally distributed datasets, an independ-
ent t-test was applied for differences between two independent 
groups, whereas a one-way analysis of variance (ANOVA) was 
used for comparisons involving more than two independent 
groups. In cases where a significant difference was found, Dun-
can’s post-hoc test was used to identify the specific group(s) 
causing the difference. Differences were considered significant 
at p<0.05. Correlation analysis was conducted to examine the re-
lationships between the two variables.

RESULTS AND DISCUSSION
r	 Total live bacteria count and pH 
The growth rate of probiotic strains can vary based on the com-
position and physicochemical properties of the food as well as 
the metabolic capacity and nutritional requirements of the mi-
croorganisms. L. plantarum requires a limited number of amino 
acids compared to other lactic acid bacteria, which may require 
more than fifteen amino acids for optimal growth [Gokavi et al., 
2005]. The growth kinetics of L. plantarum and the corresponding 
pH changes during fermentation of bergamot fruit homogenate 
are presented in Figure 1. L. plantarum exhibited a prolonged 
adaptation phase in the homogenate, characterized by relatively 
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slow growth during the first 48 h, followed by a marked in-
crease in viable cell counts. Growth stabilized on the 4th day 
and reached 10.7 log CFU/mL (5.3×1010 CFU/mL) by the 6th 
day, at which point fermentation was terminated. Throughout 
the fermentation period, pH values in the LP group decreased. 
In the control group, pH also decreased, but reached the equi-
librium on day 4. Significant differences were observed between 
the control and LP groups on each day of fermentation (p<0.05). 
Final pH values were 5.4 for the control group and 3.7 for the LP 
group, indicating active acid fermentation. In a study by Hashemi 
& Jafarpour [2020], fermenting bergamot juice with L. plantarum 
subsp. plantarum PTCC 1896, L. plantarum AF1, and L. planta-
rum LP3 for 72 h resulted in an increase in the live cell count 
of L.  plantarum AF1 from 6 log CFU/mL to 8.9 log CFU/mL. 
Although the overall growth patterns observed in the present 
study are consistent with previous findings, the relatively slower 
growth rate may be attributed to the use of a single bacterial 
strain and the absence of cross-feeding interactions that typically 
occur in mixed microbial consortia [Hashemi & Jafarpour, 2020]. 
Owing to the delayed adaptation of L. plantarum to the bergamot 
homogenate medium, fermentation was extended to six days, 
at which point maximum viable counts were achieved. These 
findings support the potential of bergamot homogenate as 
a substrate with prebiotic characteristics capable of sustaining 
probiotic growth.

r	 Antioxidant capacity
Fermentation may influence the antioxidant properties of plant- 
-based substrates by modifying the composition, availability, 
and activity of phenolic compounds. Microbial enzymatic activi-
ties can promote the release of bound phenolics and facilitate 
their transformation into compounds with different antioxidant 
characteristics. Consequently, fermentation has the potential to 
alter the antioxidant capacity of food matrices, making the as-
sessment of antioxidant activity an important parameter in evalu-
ating the functional properties of fermented products [Hur et 
al., 2014].

To ensure a reliable determination of the antioxidant capac-
ity, two assays (DPPH and ABTS assays) were used. As depicted 
in Figure 2, the antioxidant capacity of the supernatant from 
the untreated bergamot homogenate (day 0) was determined as 
8.56 mmol Trolox/L using the ABTS assay and 3.25 mmol Trolox/L 
using the DPPH assay. During the fermentation period, some 
fluctuations in antioxidant activity were observed in the ABTS 
assay; it decreased at the beginning of the process and then 
increased in both groups. Such fluctuations in DPPH radical 
scavenging activity were negligible. Nevertheless, following 
six days of fermentation, antioxidant capacity in the LP group 
increased to 9.72 and 3.55 mmol Trolox/L, respectively, while 
in the control group, it decreased significantly (p<0.05) to 7.63 
and 2.80 mmol Trolox/L, respectively. 
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Mousavi et al. [2013] observed a similar increase in the an-
tioxidant activity in the DPPH assay after the 72-h fermentation 
of pomegranate juice with L. plantarum and L. acidophilus. In 
another study in which sweet lemon juice was fermented with 
L. plantarum LS5, a significant increase in DPPH radical scaveng-
ing activity and ferric-reducing antioxidant power (FRAP) was 
reported as a result of lactic acid fermentation [Hashemi et al., 
2017]. The increase in antioxidant activity is positively associ-
ated with changes in phenolic composition during fermenta-
tion [Adebo et al., 2018]. It may be attributed to the enzymatic 
hydrolysis of glycosidic bonds in phenolic compounds and re-
lease of aglycones, which are generally more active than their 
glycosidic forms, or the generation of other metabolites with 
higher antioxidant potential [Adebo et al., 2018]. In addition, 
fermentation-induced structural disruption of plant cell walls 
may facilitate the release of bound phenolic compounds, thereby 
contributing to the observed antioxidant effects [Katina et al., 
2007; Zhang et al., 2025].

Hashemi & Jafarpour [2020] examined bergamot juice fer-
mented for 72 h using L. plantarum subsp. plantarum PTCC 
1896, L. plantarum AF1, and L. plantarum LP3. The authors 
revealed that the juice fermented with L. plantarum strains 
exhibited greater antioxidant potential than the control juice 
fermented with natural flora. This observation is confirmed by 
the results of our research; in both antioxidant assays, indicat-
ing that antioxidant capacity of LP group homogenates was 
higher than of the control group homogenates after 6 days 
of fermentation (Figure 2).

r	 Phenolic compound content
Changes in the total phenolic content during the six days 
of bergamot homogenate fermentation are presented in Fig-
ure 3. The initial total phenolic content of the bergamot super-
natant was determined to be 20.17 mg GAE/mL. At the end 
of fermentation, the total phenolic content did not change 
significantly (p≥0.05) in the control group (20.78 mg GAE/mL), 
however in the LP group it was 21.74 mg GAE/mL and repre-
sented a statistically significant increase (p=0.048) compared to 
the initial total phenolic content. During the first days of incuba-
tion, the total phenolic content decreased to 7.32 mg GAE/mL 
(day 4) and 7.40 mg GAE/mL (day 3) in the control and LP groups, 
respectively, followed by a recovery by day 6 of fermentation. 
However, no statistically significant (p≥0.05) differences in total 
phenolic content were observed between the groups on day 6.

Hashemi et al. [2017] reported a significant decrease in the to-
tal phenolic content during the fermentation of sweet lemon 
juice with L. plantarum LS5, while Guo et al. [2019] reported no 
significant changes in the total phenolic content of ougan juice 
fermented with L. plantarum or L. paracasei. In a similar study, 
Multari et al. [2020] reported that the effect of lactic acid bacteria 
on the total phenolic content was specific to orange varieties. 
They reported that L. rhamnosus increased the phenolic content 
of ‘Washington navel’ juice but decreased phenolics in juice from 
the ‘Tarocco’ variety.

The fluctuation in the total phenolic content over fermenta-
tion time, which decreased and then increased, may be explained 
by the majority of compounds in the fruit being in a bound form 
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initially, becoming soluble over time, or their microbial hydrolysis 
during fermentation [Yu et al., 2015]. 

Among phenolic compounds, neoeriocitrin, naringin, neoe-
riocitrin dioxalate, neohesperidin, melitidin, and neohesperidin 
dioxalate were identified in the bergamot homogenates by LC- 
-MS/MS method. The LC-MS/MS chromotograms used for identi-
fication are presented in Figure S1 in Supplementary Materials. 
All these compounds have been previously detected in berga-
mot fruits and their products [Baron et al., 2021; Delle Monache et 
al., 2013; Gattuso et al., 2023]. Most of them are typical of the phe-
nolic profiles of citrus fruits, although neoeriocitrin and neohes-
peridin distinguish bergamot from others [Nogata et al., 2006]. 
The contents of identified phenolics in the supernatants from 
the bergamot homogenates at different fermentation times are 
shown in Table 1. The sum of individual phenolic compounds 
in the supernatant from the untreated bergamot homogenate 
on day 0 was 608.18 mg/L and in the case of the bergamot fer-
mented with L. plantarum, it ranged from 653.70 to 687.92 mg/L, 
with the highest value (p<0.05) obtained on the 4th day, sug-
gesting that a four-day fermentation period may be sufficient 
to maximize phenolic availability. Neoeriocitrin was the most 
abundant in all samples, which can be considered important 
due to its potential cardioprotective properties [Capomolla et 
al., 2019]. On the 4th day of fermentation, contents of neoerioc-
itrin and neoeriocitrin dioxalate in the LP group were 297.23 
and 55.86 mg/L, respectively, showing a statistically significant 
increase compared to the supernatant of the untreated homog-
enate on day 0 and the control group on day 4.  In the control 
group, neoeriocitrin content did not show statistically significant 
differences between 0, 4, and 6 days of fermentation (p≥0.05), 

and neoeriocitrin dioxalate showed a numerical increase on 
day 4, followed by a decrease by day 6; however, these changes 
were not statistically significant (p≥0.05). The content of na-
ringin, which has been associated with antioxidant and an-
ti-inflammatory activities [Shilpa et al., 2023], was 158.01 mg/L 
in the control group on the 4th day and 160.37 mg/L in the LP 
group on the same day. These values were significantly (p<0.05) 
higher than that in the supernatant from raw homogenate 
(138.26 mg/mL). On the 6th day of fermentation, a statistically 
significant reduction was noted in naringin content compared 
to day 4 in LP group (p<0.05). The content of melitidin, which 
showed statin-like activity and cardioprotective effects [Shen 
et al., 2023; Wang et al., 2026], was observed to significantly 
(p<0.05) decrease in both groups to 44.82 mg/mL (control) 
and 39.00 mg/mL (LP group) compared to that determined on 
day zero (49.68 mg/mL). The content of neohesperidin dioxa-
late in the control group did not differ significantly (p≥0.05) on 
day 0 and day 6, while in the LP group, it decreased gradually 
with fermentation time to 72.04 mg/L on the 6th day (p<0.05). 
Overall, a fermentation period of four days was sufficient to en-
hance the content of main phenolic compounds of bergamot 
homogenate, including neoeriocitrin and naringin. The 4-day 
fermentation also promoted increases in neoeriocitrin dioxalate 
content. However, melitidin content decreased significantly 
during fermentation with LP. 

Fermentation with bacteria exhibiting β-glucosidase activity 
may lead to a decrease in flavonoid glycosides due to hydroly-
sis, whereas bacteria possessing esterase activity can promote 
the release and accumulation of flavonoid compounds [Guo 
et al., 2019]. Multari et al. [2020] reported decreased hesperidin 
and narirutin contents when orange juice was fermented with 
Lactobacillus strains. In a study on vinegar produced from ber-
gamot wine with Acetobacter strains, the levels of neoeriocitrin, 
neohesperidin, melitidin, and brutieridin decreased, whereas 
the naringin level increased compared with the levels deter-
mined in bergamot wine [Di Donna et al., 2020]. In another study 
by Tang et al. [2022], fermented citrus fruits (grapefruit, kumquat, 
blood orange) with 10 strains of lactic acid bacteria grapefruit 
showed an increase in naringin content, while the content of hes-
peridin and neohesperidin decreased in blood oranges.

Correlation analysis revealed significant associations be-
tween specific phenolic compounds within the LP group. Posi-
tive correlations were observed between neoeriocitrin and na-
ringin contents (correlation coefficient, r=0.807, p<0.01), as well 
as between contents of neoeriocitrin and its dioxalate derivative 
(r=0.673, p<0.05), while negative correlations were detected be-
tween contents of neoeriocitrin and melitidin (r=–0.830, p<0.01). 
A statistically significant positive correlation was detected be-
tween levels of naringin and neoeriocitrin dioxalate (r=0.976, 
p<0.01), but a negative correlation was observed between na-
ringin and melitidin contents (r=−0.847, p<0.01). The content 
of melitidin and neohesperidin dioxalate correlated positively 
(r=0.739, p<0.01), and the content of neoeriocitrin dioxalate 
and melitidin correlated negatively (r=−0.770, p<0.01). 

0

5

25

0 2 3

Time (days)

To
ta

l p
he

no
lic

 c
on

te
nt

 (m
g 

G
AE

/m
L)

4 6

a b

bB

aA

dBeB

cA

cA

aAControl LP

dA

10

15

20

Figure 3. Total phenolic content of bergamot homogenate fermented 
by L.  plantarum (LP) and control without bacteria over a period of six 
days. Different lowercase letters indicate significant differences between 
fermentation days within the same group, whereas different uppercase 
letters indicate significant differences between the LP and control group on 
the same fermentation day (p<0.05). GAE, gallic acid equivalent.



248

Pol. J. Food Nutr. Sci., 2026, 76(3), 242–250

Ta
bl

e 
1.

 C
on

te
nt

 o
f p

he
no

lic
 c

om
po

un
ds

 in
 th

e 
su

pe
rn

at
an

t f
ro

m
 th

e 
be

rg
am

ot
 h

om
og

en
at

e 
fe

rm
en

te
d 

by
 L.

 p
la

nt
ar

um
 (L

P)
 a

nd
 c

on
tro

l w
ith

ou
t b

ac
te

ria
 o

ve
r a

 p
er

io
d 

of
 si

x 
da

ys
 a

na
ly

ze
d 

by
 LC

-D
AD

-E
SI

-M
S/

M
S 

(m
g/

L)
.

Co
m

po
un

d
Rt

 (m
in

)
Co

nt
ro

l
LP

D
ay

 0
D

ay
 2

D
ay

 4
D

ay
 6

D
ay

 0
D

ay
 2

D
ay

 4
D

ay
 6

Ne
oe

rio
ci

tri
n

46
.7

8
23

6.
71

±0
.5

0a
20

8.
83

±0
.2

0bB
24

0.
95

±0
.9

3aB
23

7.
45

±0
.8

3aB
23

6.
71

±0
.5

0c
26

3.
07

±0
.2

9bA
29

7.
23

±0
.2

9aA
27

8.
02

±0
.2

7bA

Na
rin

gi
n

50
.7

7
13

8.
26

±0
.5

4b
13

9.
58

±0
.1

3bA
15

8.
01

±0
.1

5aA
16

3.
85

±0
.4

2aA
13

8.
26

±0
.5

4cA
16

0.
74

±0
.4

3bB
16

0.
37

±0
.1

5bA
15

4.
40

±0
.1

4aB

Ne
oe

rio
ci

tri
n 

di
ox

al
at

e
51

.5
8

47
.7

5±
0.

29
a

45
.4

4±
0.

04
aB

54
.7

5±
0.

29
aB

48
.8

7±
0.

61
bB

47
.7

5±
0.

29
b

57
.9

0±
0.

07
aA

55
.8

6±
0.

55
aA

53
.5

9±
0.

54
aA

Ne
oh

es
pe

rid
in

53
.6

55
.4

0±
0.

32
a

40
.9

8±
0.

03
bB

50
.2

9±
0.

08
aA

53
.3

9±
0.

54
aA

55
.4

0±
0.

32
a

53
.7

8±
0.

61
aA

54
.0

5±
0.

56
aA

56
.6

5±
0.

62
aA

M
el

iti
di

n
56

.0
8

49
.6

8±
0.

10
a

40
.1

5±
0.

03
bA

46
.3

6±
0.

19
ab

B
44

.8
2±

0.
59

bA
49

.6
8±

0.
10

a
42

.0
3±

0.
60

bA
41

.2
1±

0.
02

bA
39

.0
0±

0.
60

bB

Ne
oh

es
pe

rid
in

 d
io

xa
la

te
57

.0
7

80
.3

8±
0.

19
a

67
.9

1±
0.

06
bB

83
.3

4±
0.

26
aA

81
.4

4±
0.

64
aA

80
.3

8±
0.

19
a

77
.2

2±
0.

64
aA

79
.2

0±
0.

54
aA

72
.0

4±
0.

56
bB

To
ta

l
60

8.
18

±1
.6

0a
54

2.
89

±0
.4

7bB
63

3.
70

±0
.6

9aB
62

9.
83

±2
.7

1aB
60

8.
18

±1
.6

0c
65

4.
73

±1
.2

2bA
68

7.
92

±1
.4

1aA
65

3.
70

±1
.0

5bA

Re
su

lts
 a

re
 p

re
se

nt
ed

 a
s m

ea
n 

± 
st

an
da

rd
 d

ev
ia

tio
n.

 In
 ro

w
s, 

di
ffe

re
nt

 lo
w

er
ca

se
 le

tte
rs

 fo
llo

w
ed

 b
y 

va
lu

es
 in

di
ca

te
d 

sig
ni

fic
an

t d
iff

er
en

ce
s b

et
w

ee
n 

fe
rm

en
ta

tio
n 

da
ys

 w
ith

in
 th

e 
sa

m
e 

gr
ou

p,
 w

he
re

as
 d

iff
er

en
t u

pp
er

ca
se

 le
tte

rs
 in

di
ca

te
 si

gn
ifi

ca
nt

 d
iff

er
en

ce
s b

et
w

ee
n 

th
e 

LP
 

an
d 

co
nt

ro
l g

ro
up

 o
n 

th
e 

sa
m

e 
fe

rm
en

ta
tio

n 
da

y 
(p

<0
.0

5)
. R

t, 
re

te
nt

io
n 

tim
e.

A significant positive correlation was also detected between 
neoeriocitrin content and L. plantarum viable counts (r=0.704, 
p<0.05), whereas negative correlations were observed between 
live bacterial counts and melitidin (r=−0.736, p<0.01) and neo-
hesperidin dioxalate (r=−0.726, p<0.01) contents. These findings 
suggest an association between microbial growth dynamics 
and phenolic transformations during fermentation, although 
causal relationships cannot be inferred.

Phenolic compounds found in bergamot have been ob-
served to exert beneficial effects on health, providing protec-
tion against cancer, diabetes, and neurodegenerative diseases 
[Ferlazzo et al., 2020; Fogacci et al., 2023; Navarra et al., 2020]. In 
an experimental model, the oral administration of bergamot 
juice to Wistar rats improved blood cholesterol levels [Miceli et 
al., 2007]. The authors reported that the administration of berga-
mot juice containing neoeriocitrin, naringin, and neohesperidin 
decreased cholesterol, triglyceride, and low-density lipoprotein 
(LDL) cholesterol levels. Moreover, there was an increase in high- 
-density lipoprotein (HDL) cholesterol levels compared to those 
in hypercholesterolemic controls. In another study conducted 
by Toth et al. [2016], 80 hypercholesterolemic patients received 
bergamot flavonoids at 150 mg/day for 6 months. The results 
showed a reduction in the total cholesterol, LDL cholesterol, 
and triglyceride levels and an increase in HDL cholesterol levels, 
suggesting a cardioprotective effect. 

CONCLUSIONS 
The results of this study demonstrate that fermentation of ber-
gamot homogenate with L. plantarum led to the stabilization 
or enhancement of contents of key phenolic compounds, 
particularly neoeriocitrin and naringin, when compared with 
the non-fermented control. Fermentation was associated with 
an increase in ABTS radical scavenging activity, which reached 
its highest value on day 6 of fermentation. Notably, neoerioc-
itrin was quantified as the main phenolic compound in berga-
mot homogenates using LC-DAD-ESI-MS/MS analysis, and its 
content was positively associated with L. plantarum growth 
during fermentation. Despite its high flavonoid content, ber-
gamot is not widely consumed due to its bitter taste, which 
points to the need for seeking alternative methods to make 
its beneficial compounds more accessible. Our study findings 
suggest that L. plantarum-mediated fermentation is a promis-
ing approach to enhance the functional value of bergamot, by 
improving its phenolic composition and antioxidant potential, 
thereby supporting its potential application in functional food 
development.
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Rice analog refers to rice-shaped grains produced from non-rice flours using processing techniques such as extrusion. This 
study evaluated the influence of partially substituting sorghum flour with modified cassava flour (mocaf ) and pumpkin flour 
on starch digestibility, physicochemical properties, and sensory acceptance of extruded instant rice analogs. Increasing 
the proportions of mocaf and pumpkin flour led to a significant increase in the contents of crude fiber, β-carotene, total 
phenolics, and resistant starch in rice analogs, reaching 5.71 g/100 g, 32.66 μg/g, 9.15 mg GAE/g, and 6.84%, respectively, for 
the formulation containing sorghum flour, mocaf, and pumpkin flour at a ratio of 20:40:40 (w/w/w). Conversely, it decreased 
rapidly digestible starch content, total starch digestibility, bulk density, and texture hardness. Fourier transform infrared (FTIR) 
spectroscopy revealed no indication of new functional group formation; however, an increase in the amorphous starch frac-
tion indicated structural changes in the starch matrix. This finding was supported by scanning electron microscope (SEM) 
micrographs showing a more porous matrix. Products of all formulations were generally sensory acceptable, with the rice 
analog formulated at a 40:30:30 (w/w/w) ratio exhibiting the highest aroma and taste scores and one of the highest overall 
acceptance. These findings suggest that composite flours improve the functional properties of rice analogs by modifying 
starch architecture while preserving acceptable sensory quality. The results further highlight the potential of rice analogs as 
functional staple foods produced from locally available ingredients.

Keywords:� extrusion cooking, modified cassava flour, pumpkin flour, resistant starch, starch structure 
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INTRODUCTION 
Dependence on rice remains high across many Asian countries, 
including Indonesia. The increasing prevalence of metabolic 
disorders has driven the development of carbohydrate-rich 
foods that not only serve as a source of energy but also pro-
vide additional physiological benefits [Nikrad et al., 2023]. Rice 
analogs have been introduced as a staple food alternative to 

lessen reliance on conventional rice. Rice analogs are rice-shaped 
grains produced from non-rice sources and processed using 
techniques such as extrusion to achieve cooking and sensory 
properties similar to those of conventional rice [Chaturvedi & 
Manickavasagan, 2024]. 

Extrusion technology modifies starch-based matrices 
through thermomechanical treatment, promoting starch 
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gelatinization and molecular reorganization, thereby influenc-
ing the functional properties of rice analogs. However, most 
studies on rice analogs have focused on processing feasibility 
and product characteristics [Bahlawan et al., 2023; Kishore et al., 
2024; Shaikh et al., 2025]. In contrast, the influence of formulation 
on starch digestibility and structural transformations remains 
insufficiently explored. Structural modification of starch is im-
portant from a nutritional perspective because it affects starch 
digestibility and the proportions of rapidly digestible starch 
(RDS), slowly digestible starch (SDS), and resistant starch (RS), 
thereby influencing glycemic control and metabolic regulation 
[Kim et al., 2024; Zheng et al., 2026]. These starch fractions differ 
in their digestion rates and physiological effects, making them 
important determinants of the nutritional quality of starch-based 
foods [Jiali et al., 2024].

Sorghum fosters considerable potential as the main ingredi-
ent for rice analog production because its relatively high amylose 
content and unique starch characteristics promote the develop-
ment of a stable matrix during processing [Bahlawan et al., 2023]. 
Sorghum flour forms a compact gel network after gelatiniza-
tion and cooling, which contributes to the texture and struc-
tural integrity of rice analogs by enhancing matrix cohesiveness 
and hardness [Chiodetti et al., 2024]. In addition, its non-starch 
components, including proteins and lipids, influence intermo-
lecular interactions during thermomechanical processing [Chao 
et al., 2024]. Nevertheless, variations in the physicochemical 
and functional characteristics of sorghum cultivars, particularly 
water absorption capacity and structural stability [Adebo & Kesa, 
2023], may influence their suitability as raw materials for rice 
analog production.

Modified cassava flour (mocaf ), produced through the fer-
mentation of cassava tubers, has been widely used as an in-
gredient in composite food formulations due to its favorable 
processing and quality characteristics [Rahmadani et al., 2025]. 
Its incorporation into extruded rice analogs may improve struc-
tural integrity and overall product quality [Sumardiono et al., 
2021]. Despite these advantages, the effects of mocaf on starch 
structure and digestibility in composite rice analog formulations 
remain insufficiently documented. 

Pumpkin (Cucurbita moschata Duchesne) flour contains 
substantial amounts of β-carotene and phenolic compounds, 
which contribute to its antioxidant potential and functional prop-
erties [Alija et al., 2025; Ninčević Grassino et al., 2023]. Pumpkin 
flour may be incorporated into composite flour formulations 
to enhance the content of bioactive compounds and improve 
color attributes [Alija et al., 2025].  Its incorporation into food 
products has also been reported to increase β-carotene content, 
antioxidant capacity, and sensory quality, as demonstrated in glu-
ten-free egg rolls and instant porridge formulations [Slamet et 
al., 2025, 2026]. However, information regarding the combined 
use of sorghum flour, mocaf, and pumpkin flour in extruded rice 
analog products remains scarce. In particular, the effects of this 
combination on starch digestibility and structural properties 
have not been comprehensively studied.

Therefore, there is a clear research gap regarding the cou-
pled effects of sorghum, mocaf, and pumpkin flours on starch 
digestibility, structural characteristics, and overall quality of ex-
trusion-based rice analogs. Accordingly, this study evaluated 
the influence of partially substituting sorghum flour with mo-
caf and pumpkin flour on starch digestibility, physicochemical 
properties, structural characteristics, and sensory acceptance 
of extruded instant rice analogs.

MATERIALS AND METHODS 
r	 Materials and reagents
Sorghum flour, mocaf, and pumpkin flour were supplied by food 
producers from Sleman, Yogyakarta, Indonesia. Hydrochloric 
acid, sulfuric acid, boric acid, sodium hydroxide, and petroleum 
ether used for proximate and crude fiber determinations were 
analytical-grade reagents obtained from Merck, Darmstadt, Ger-
many. Folin–Ciocalteu reagent, sodium carbonate, and gallic 
acid used for total phenolic content analysis were obtained 
from Sigma-Aldrich (St. Louis, MO, USA). Sigma-Aldrich was also 
a supplier of solvents (acetone, methanol, ethanol, and n-hex-
ane), anhydrous sodium sulfate, β-carotene standard, α-amylase, 
amyloglucosidase, pepsin, sodium acetate, potassium phosphate 
buffer, 3,5-dinitrosalicylic acid, and glucose standard.

r	 Production of rice analogs 
Rice analogs were produced from composite flour formulations 
consisting of sorghum flour, mocaf, and pumpkin flour in differ-
ent proportions. Flours were blended at ratios of 100:0:0, 80:10:10, 
60:20:20, 40:30:30, and 20:40:40 (w/w/w), respectively. The blends 
underwent hot extrusion using a co-rotating intermeshing twin- 
-screw extruder (Model DS32-II, Jinan Saixin Machinery Co., Ltd., 
Jinan, China) featuring 32 mm diameter screws with a length- 
-to-diameter (L/D) ratio of 20:1. The screw profile comprised 
conveying and kneading elements configured to provide suf-
ficient mixing and shear during extrusion. Before extrusion, 
the flour blends were homogenized and their moisture content 
was adjusted to 30 g/100 g by manual mixing, followed by equi-
libration for 30 min. The conditioned feed was then extruded at 
a barrel temperature profile of 50/65/85/100/95°C, a screw speed 
of 60 rpm, and a feed rate of approximately 300 g/min. After 
exiting the 2 mm die, the extrudate was cut into rice-shaped 
grains and dried at 60°C for 3 h using a hot-air oven (UN55, 
Memmert GmbH, Schwabach, Germany). Drying proceeded 
to achieve a final moisture content below 10 g/100 g, which is 
within the recommended range for dried cereal-based products 
and contributes to storage stability. After drying, the rice analogs 
were cooled to room temperature and stored in airtight contain-
ers until subsequent analyses. 

r	 Proximate composition and crude fiber analysis
Proximate composition and crude fiber content were assessed 
following AOAC International guidelines [AOAC, 2005], including 
moisture (method 930.15), ash (method 930.05), fat (method 
930.09), protein (method 978.04), and crude fiber (method 



253

A. Slamet et al.

978.10). The carbohydrate content of the rice analogs was cal-
culated by difference. Results were expressed as g per 100 g 
of dried rice analog.

r	 Color coordinate measurement
The color of the rice analogs was determined using a CR-400 col-
orimeter (Konica Minolta, Osaka, Japan) after calibration against 
a standard white reference tile. The color of the rice analogs 
was evaluated according to the CIELab system and reported 
as L*  (lightness), a* (redness/greenness), and b* (yellowness/ 
/blueness) values. Measurements were recorded at five differ-
ent locations on each rice analog sample, and the data were 
presented as mean values.

r	 Analysis of physical and functional properties
Water absorption capacity (WAC) and oil absorption capacity 
(OAC) of the rice analogs were determined gravimetrically fol-
lowing the procedure described by Beuchat [1977], with slight 
modifications. An aliquot of 10 mL of distilled water or vegetable 
oil was mixed with 1.0 g of the instant rice analog in a centrifuge 
tube. The suspension was mixed using a Genie 2 vortex (Scientific 
Industries Inc., Bohemia, NY, USA) for 1 min, incubated at room 
temperature (25±2°C) for 30 min, and subsequently centrifuged 
at 3,000×g for 15 min using a 5804R centrifuge (Eppendorf, 
Hamburg, Germany). After removal of the supernatant by careful 
decantation, the residue was weighed. Water and oil absorption 
capacities were expressed as grams of water or oil retained per 
gram of dry rice analog (g/g).

The bulk density of rice analogs was determined using 
a standard gravimetric method following the AOAC International 
method [AOAC, 2016]. The sample was gently introduced into 
a 100-mL graduated cylinder, and its surface was leveled care-
fully without applying pressure. The mass was measured using 
an analytical balance (AUY220, Shimadzu, Kyoto, Japan). Bulk 
density (g/mL) was determined from the quotient of rice analog 
mass and the corresponding sample volume.

Water activity (aw) of rice analogs was determined at 25±1°C 
using an AquaLab 4TE instrument (METER Group Inc., Pullman, 
WA, USA), which operates based on the dew-point principle. 
Prior to analysis, the instrument was calibrated with certified 
salt solution standards according to the manufacturer’s rec-
ommendations. Rice analogs were placed in the sample cup, 
and the measurement was performed until a stable reading 
was obtained. 

The swelling power of rice analogs was determined us-
ing a modified procedure based on the method of Leach et 
al. [1959]. A 0.5-g sample (dry basis) was suspended in 10 mL 
of distilled water and heated at 90°C for 30 min in a water bath 
(WNB14, Memmert GmbH), with manual stirring every 5 min. 
Following heat treatment, the suspension was cooled to room 
temperature before centrifugation at 3,000×g for 15 min using 
a 5804R centrifuge (Eppendorf ). After decanting the superna-
tant, the sediment (gel) was weighed. Swelling power (g/g) was 
calculated using Equation (1):

Swelling power = 
Sediment weight

Initial dry weight of rice analog

	
(1)

Cooking loss was determined using a modified procedure 
based on the method of Sutrisno et al. [2024]. A 5-g portion of rice 
analog (dry basis) was immersed in 100 mL of boiling distilled 
water and cooked for 15 min to achieve complete gelatinization. 
The cooking water was collected and dried in a hot-air oven 
(UN55, Memmert GmbH) at 105°C until reaching a constant 
weight. The weight of the residue was used to calculate the cook-
ing loss (%) using Equation (2):

Cooking loss (%) = × 100
Dried residue weight

Initial dry weight of rice analog

	
(2)

r	 Determination of starch fractions with different 
digestibility

In vitro starch digestibility of rice analogs was assessed using a se-
quential enzymatic hydrolysis procedure based on the method 
of Englyst et al. [1992] with slight modifications. This procedure 
mimics gastrointestinal digestion through stepwise enzymatic 
treatments. To simulate gastric digestion, 1 g of the rice analog 
was incubated with pepsin at pH 2.0 and 37°C for 30 min. Sub-
sequently, the pH was adjusted to 6.9 for enzymatic hydrolysis 
performed using pancreatic α-amylase (10 U/mg starch) and am-
yloglucosidase (3 U/mg starch) at 37°C under continuous agita-
tion. Aliquots were collected at 20 min and 120 min to determine 
glucose release. Glucose concentration in the hydrolysates was 
quantified spectrophotometrically by the 3,5-dinitrosalicylic 
acid (DNS) method [Li & McKee, 2023]. Glucose released after 
20 and 120 min of enzymatic hydrolysis was used to calculate 
the contents of rapidly digestible starch (RDS), slowly digestible 
starch (SDS), and resistant starch (RS). RDS represented the starch 
fraction hydrolyzed during the first 20 min of digestion, where-
as SDS corresponded to the fraction hydrolyzed between 20 
and 120 min. The starch remaining unhydrolyzed after 120 min 
was classified as RS. Total starch digestibility was expressed as 
the percentage of hydrolyzed starch relative to the total starch 
content of the rice analog. The amount of hydrolyzed starch was 
estimated from the glucose released during enzymatic diges-
tion and converted to starch equivalents using a conversion 
factor of 0.9. In this study, the total starch digestibility represents 
the sum of RDS and SDS, corresponding to the starch fraction 
hydrolyzed within 120 min of digestion.

r	 Determination of β-carotene content and total 
phenolic content

The β-carotene content of rice analogs was quantified spec-
trophotometrically after extraction with an acetone and n-hex-
ane (4:6, v/v) mixture using a modified procedure derived from 
the method previously used by Bieżanowska-Kopeć et al. [2022]. 
For extraction, 1.0 g of the rice analog (dry basis) was combined 
with 10 mL of the extraction solvent, homogenized, and then 
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centrifuged at 3,000×g for 10 min. The upper phase was collected 
as the extract. The absorbance of the extract was measured at 
450 nm using a UV–Vis spectrophotometer (UV-1800, Shimadzu). 
The β-carotene content was calculated from a β-carotene calibra-
tion curve and expressed as mg/100 g dry rice analog.

The total phenolic content (TPC) of rice analogs was quanti-
fied using the Folin–Ciocalteu reagent according to the method 
described by Martins et al. [2021]. For extraction, the dry sample 
was mixed with 80% (v/v) aqueous ethanol at a sample-to-solvent 
ratio of 1:10 (w/v). The mixture was incubated under agitation at 
150 rpm for 30 min at room temperature before centrifugation 
at 3,000×g for 15 min. The resulting supernatant was used as 
the extract. For TPC analysis, 0.5 mL of the extract was combined 
with 2.5 mL of a 10% (v/v) Folin–Ciocalteu reagent and 2.0 mL 
of a 7.5% (w/v) Na2CO3 solution. After standing in the dark at room 
temperature for 30 min, the absorbance of the reaction mixture 
was measured at 765 nm with a UV–Vis spectrophotometer 
(UV-1800, Shimadzu). The total phenolic content was calculated 
from a gallic acid calibration curve, and the results were reported 
as mg gallic acid equivalent (GAE)/g dry rice analog.

r	 Texture profile analysis 
For texture profile analysis, instant rice analogs were first cooked 
using a rice-to-water ratio of 1:2 (w/v) according to the prepa-
ration procedure applied in the sensory evaluation. Following 
cooking, the rice analogs were cooled to room temperature, 
and then subjected to measurements of texture properties using 
a TA.XTplus texture analyzer (Stable Micro Systems Ltd., Surrey, 
UK) fitted with a cylindrical probe (P/36R). The analysis was con-
ducted using a two-cycle compression test. The pre-test, test, 
and post-test speeds were 1.0 mm/s. Rice analog samples were 
compressed to 50% of their original height using a trigger force 
of 0.05 N. Their texture profile parameters included hardness, 
cohesiveness, springiness, and chewiness. Hardness (N) was 
defined as the highest force recorded in the initial compression 
cycle. Cohesiveness was calculated by dividing the area under 
the second compression curve by that obtained during the first 
compression. Springiness described the ability of the rice analog 
to recover its original height after the compressive force was 
released. Chewiness (N) was calculated as the product of hard-
ness, cohesiveness, and springiness.

r	 Analysis of structural and microstructural 
characteristics

Fourier transform infrared (FTIR) spectra of the rice analogs were 
recorded using an IRTracer-100 spectrometer (Shimadzu) oper-
ated in attenuated total reflectance (ATR) mode. Spectral data 
were acquired over the wavenumber range of 4,000–400 cm−1 
at a resolution of 4 cm−1 using 32 scans for each rice analog 
sample. The analysis was performed to examine differences 
in the position and intensity of absorption bands correspond-
ing to O–H, C–H, and C–O functional groups among the rice 
analog formulations.

Rice analog microstructure was characterized by scanning 
electron microscopy (SEM) using a JSM-6510LV instrument (JEOL 
Ltd., Tokyo, Japan). Prior to imaging, rice analog samples were 
mounted on aluminum stubs and coated with a gold–palladium 
layer for 60 s using a JEC-3000FC sputter coater (JEOL Ltd.). 
Micrographs were captured at an accelerating voltage of 10 kV 
with magnifications of ×500 and ×1,000. The evaluation focused 
on differences in surface morphology, pore structure, and matrix 
continuity among the samples.

r	 Sensory preference test 
The rice analog preference test was conducted with 30 untrained 
panelists, namely students of the Agricultural Product Technol-
ogy Study Program at Universitas Mercu Buana Yogyakarta, Yo-
gyakarta, Indonesia (17 women and 13 men; aged 18–21 years) 
who did not have allergies to pumpkin, mocaf, or sorghum. All 
panelists participated voluntarily and provided written informed 
consent after receiving an explanation of the sensory evaluation 
procedure. The number of panelists (n=30) was considered suf-
ficient for preliminary assessment of consumer acceptability. 
The attributes evaluated included color, aroma, taste, texture, 
and overall acceptance, which were scored using a five-point 
hedonic scale ranging from 1 (strongly dislike) to 5 (strongly 
like). Prior to evaluation, rice analog samples were prepared 
in a rice cooker at a rice-to-water ratio of 1:2 (w/v), allowed to 
equilibrate at room temperature (29±1°C) for 10 min, and served 
warm in 10-g portions. All samples were coded using randomly 
generated three-digit numbers before sensory assessment. 

r	 Statistical analysis
Data are presented as mean and standard deviation. Three inde-
pendent production batches were prepared, and each analyti-
cal measurement was performed in triplicate for every batch. 
The reported values represent the means of all measurements 
obtained from these independent experiments. The experi-
ment was arranged in a completely randomized design (CRD) 
with a single factor, namely the proportion of sorghum flour, 
mocaf, and pumpkin flour in the formulations. Statistical differ-
ences among treatments were evaluated using one-way analysis 
of variance (ANOVA), followed by Duncan’s multiple range test 
(DMRT) when significant effects were detected. Differences were 
considered statistically significant at p<0.05. All analyses were 
carried out using IBM SPSS Statistics for Windows, version 25.0 
(IBM Corp., Armonk, NY, USA).

RESULTS AND DISCUSSION 
r	 Proximate composition of raw materials
The compositional profiles of the flours used in the rice analog 
formulations are summarized in Table 1. Sorghum flour exhibited 
the highest protein (8.29 g/100 g) and fat (2.60 g/100 g) contents 
among the raw materials, indicating its potential contribution to 
the nutritional value of the rice analog formulations. Sorghum 
has been recognized as a cereal with moderate protein and lipid 
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contents and has been widely utilized in rice analog production 
due to its favorable nutritional properties [Kishore et al., 2024]. 
In contrast, mocaf had the highest carbohydrate content (88.61 
g/100 g) and relatively low contents of protein, ash, and fat 
(Table 1). Its high carbohydrate content can be attributed to 
the starch-rich composition of cassava flour [Alamu et al., 2017]. 
Pumpkin flour was characterized by the highest ash content 
(5.78 g/100  g) (Table 1), indicating a higher mineral content 
than in the other raw materials. These compositional differences 
among sorghum flour, mocaf, and pumpkin flour were expected 
to influence the nutritional composition, starch digestibility, 
physicochemical properties, and sensory characteristics of the re-
sulting rice analogs.

r	 Proximate composition and crude fiber content of rice 
analogs 

The moisture content of instant rice analogs based on sorghum 
flour, mocaf, and pumpkin flour ranged from 6.65 to 6.74 g/100 g 
with significant differences found only between the rice analog 
obtained at a flour ratio of 20:40:40 (w/w/w) and other products 
(p<0.05) (Table 2). The relatively narrow range of moisture con-
tents in the rice analogs indicates that variations in formulation 
had only a limited effect on this parameter. In the case of extru-
sion-based rice analogs, processing conditions, including extru-
sion and post-extrusion drying parameters, mainly influence 
the residual moisture content [Shaikh et al., 2025; Sumardiono 
et al., 2021]. The moisture content of the rice analogs produced 
in this study was less than 12 g/100 g, a level generally regarded 
as adequate for maintaining the storage stability of dry cereal- 
-based products [Bahlawan et al., 2023]. 

The protein content of the rice analogs produced from 
blends of sorghum flour, mocaf, and pumpkin flour ranged 
from 7.13 g/100 g (flour ratio of 20:40:40, w/w/w, respectively) 
to 10.63 g/100 g (100:0:0 formulation) (Table 2). Significant dif-
ferences between the samples indicate that changes in the pro-
portion of raw materials directly affect the protein content 
in the composite system. This trend is consistent with reports 
indicating that the protein content of rice analogs is highly de-
termined by the type and ratio of their ingredients [Bahlawan 
et al., 2023; Sumardiono et al., 2021]. The decrease in protein 
content observed in the rice analogs produced from blends with 
higher proportions of mocaf and pumpkin flour (Table 2) was 
primarily due to the lower protein contents of these ingredients 
(1.45 and 1.38 g/100 g, respectively) compared to sorghum flour 
(8.29 g/100 g) (Table 1). Protein content gradually declined 
as the proportion of mocaf and pumpkin flour increased be-
cause replacing sorghum flour produced a dilution effect. In 
addition, the extrusion process might have promoted protein 
denaturation and modify starch–protein interactions, thereby 
affecting the protein fraction of the final product [Sumardiono 
et al., 2021; Sun et al., 2023; Webb et al., 2023]. Nevertheless, 
protein content of the rice analogs produced in this study was 
substantially higher than that reported for starch-based rice ana-
logs (0.46–1.25 g/100 g) [Zulfa et al., 2023]. These results indicate 
that the inclusion of sorghum flour contributed to the higher 
protein content and overall nutritional quality of the rice analog 
formulations.

Ash content is widely used as an indicator of the mineral 
content of food products. As presented in Table 2, the ash 
content of the rice analogs increased from 1.68 g/100 g for 

Table 1. Proximate composition of raw materials. 

Raw material Moisture 
(g/100 g) 

Protein 
(g/100 g)

Ash 
(g/100 g)

Fat 
(g/100 g)

Carbohydrates
(g/100 g)

Sorghum flour 7.53±0.42b 8.29±0.94a 1.57±0.07b 2.60±0.06a 80.01±1.14c

Mocaf 9.16±0.97a 1.45±0.07b 0.54±0.01c 0.24±0.03c 88.61±0.98a

Pumpkin flour 6.71±0.53c 1.38±0.01b 5.78±0.93a 0.32±0.00b 85.81±1.05b

Data are reported as mean ± standard deviation. Different letters within a column indicate significant differences (p<0.05).

Table 2. Proximate composition and crude fiber content of instant rice analogs produced from sorghum flour, mocaf, and pumpkin flour blended in various proportions.

Sorghum flour to mocaf 
and pumpkin flour ratio

Moisture 
(g/100 g)

Protein 
(g/100 g)

Ash 
(g/100 g)

Fat 
(g/100 g)

Crude fiber 
(g/100 g)

Carbohydrates 
(g/100 g)

100:0:0 (w/w/w) 6.71±0.98a 10.63±0.15a 1.68±0.09e 3.82±0.85a 2.59±0.17e 77.16±2.06c

80:10:10 (w/w/w) 6.74±0.57a 9.24±0.92b 1.73±0.18d 3.10±0.98b 2.77±0.85d 79.19±1.64b

60:20:20 (w/w/w) 6.72±0.81a 8.06±0.85c 2.61±0.55c 2.53±0.18c 3.54±0.07c 80.08±1.19a

40:30:30 (w/w/w) 6.73±0.90a 7.74±0.72d 2.83±0.15b 2.29±0.09d 4.80±0.95b 80.41±2.73a

20:40:40 (w/w/w) 6.65±0.58b 7.13±0.50e 3.47±0.77a 1.87±0.05e 5.71±0.05a 80.88±2.28a

Data are reported as mean ± standard deviation. Different letters within a column indicate significant differences (p<0.05).
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the sorghum-only formulation (100:0:0) to 3.47 g/100 g for 
the formulation containing sorghum flour, mocaf, and pumpkin 
flour at a ratio of 20:40:40 (w/w/w). A successive increase in ash 
content was observed with increasing proportions of mocaf 
and pumpkin flour in the formulations. The higher ash content 
was likely associated with the higher mineral content of pump-
kin flour, which is known to be a good source of potassium, 
magnesium, and phosphorus [Aktaş & Gerçekaslan, 2024]. These 
findings indicate that the incorporation of pumpkin flour may 
improve the mineral content of rice analogs and contribute to 
their nutritional value.

The fiber content of rice analogs increased significantly 
from 2.59 to 5.71 g/100 g as the proportion of pumpkin flour 
and mocaf increased in the formulation (Table 2). Pumpkin 
flour is a rich source of dietary fiber, with insoluble dietary fiber 
constituting its major fraction [Aktaş & Gerçekaslan, 2024]. In 
formulations, dietary fiber of pumpkin flour may compete with 
starch for available water, thereby limiting starch granule swell-
ing and gelatinization and reducing the availability of enzymes 
to starch, which may contribute to lower starch digestibility 
and to a reduced glycemic response [Zhang et al., 2025; Zhang 
et al., 2022].  

The carbohydrate content of rice analog increased as 
the proportion of pumpkin flour and mocaf in the flour blend 
increased and reached 80.88 g/100 g for the formulation with 
sorghum flour, mocaf, and pumpkin flour at 20:40:40 (w/w/w) 
(Table 2). The relatively high carbohydrate content of the rice 
analog formulations may be attributed to the carbohydrate-rich 
nature of mocaf, which contained 88.61 g/100 g carbohydrate 
(Table 1). The gelatinization properties of cassava starch are 
influenced by the amylose-to-amylopectin ratio, which affects 
the development of structure and texture during cooking [Li 
et al., 2022]. In addition, higher proportions of mocaf may con-
tribute to increased water absorption and rehydration capacity. 
Similar functional characteristics have been reported for cassava-
based rice analogs [Putri et al., 2022]. Although mocaf has a high 
carbohydrate content, its resistant starch fraction may reduce 
starch digestibility by limiting enzymatic hydrolysis, thereby con-
tributing to a lower glycemic response [Rahmadani et al., 2025].

r	 Color characteristics of rice analogs
The color of rice analogs exhibited a significant (p<0.05) de-
crease in L* from 76.91 to 64.90 and increases in a* from 3.27 
to 9.52 and b* from 8.72 to 21.02 with increasing pumpkin flour 
and mocaf proportion in the flour blend (Table 3). These values 
indicate a color shift from white-cream to a more intense yellow- 
-orange. The simultaneous increase in a* and b* and a decrease 
in L* values were probably caused by carotenoid pigments, 
especially β-carotene from pumpkin flour, which, as was previ-
ously reported, imparts a yellow-orange color to starch-based 
products [Alefew et al., 2024]. The reduction in L* value may also 
be due to thermal browning reactions occurring during extrusion 
processing, particularly Maillard reactions, which can generate 

colored compounds and reduce product lightness [Chaturvedi 
& Manickavasagan, 2024; Sun et al., 2023]. 

r	 Physical and functional properties of rice analogs
Increasing the proportion of mocaf and pumpkin flour in the for-
mulation led to an increase in hydration capacity and oil reten-
tion, a decrease in density, and stabilization of the aw value 
of rice analogs (Table 4). The water absorption capacity (WAC) 
increased significantly from 2.13 g/g in the rice analog produced 
from sorghum flour (100:0:0 formulation) to 3.24 g/g in the prod-
uct made from the 20:40:40 (w/w/w) blend of sorghum flour, 
mocaf, and pumpkin flour. WAC is the ability of insoluble com-
pounds to absorb and retain water during rehydration and serves 
as an important quality parameter of instant products [Ren et 
al., 2024]. The increase observed in our study was likely associ-
ated with the higher starch and fiber contents in the composite 
formulation. The contribution of dietary fiber from pumpkin flour 
may support water retention through its structural properties 
and water-holding capacity. The more porous structure may 
facilitate water diffusion and retention, which could contribute to 
the rehydration capacity of the rice analogs [Shaikh et al., 2025]. 
The combination of starch and fiber in the composite formula-
tions might have also influenced water absorption capacity 
of the rice analogs. 

The oil absorption capacity (OAC) of the rice analogs in-
creased from 1.35 g/g in the 100:0:0 formulation to 2.05 g/g 
in the formulation containing sorghum flour, mocaf, and pump-
kin flour at 20:40:40 (w/w/w) (Table 4). This increase indicates 
an enhanced ability of the matrix to absorb and retain oil as 
the proportions of mocaf and pumpkin flour increased. OAC 
reflects material ability to bind oil via capillary forces and hy-
drophobic interactions and is strongly influenced by the com-
position of proteins and non-starch compounds [Kaushik et al., 
2021]. The higher OAC observed in the formulations with greater 
proportions of mocaf and pumpkin flour may be due to their 
higher dietary fiber content and the formation of a more porous 
matrix, which can facilitate oil retention. Higher OAC can increase 

Table 3. Color coordinates of instant rice analogs produced from sorghum 
flour, mocaf, and pumpkin flour blended in various proportions.

Sorghum flour to mocaf 
and pumpkin flour ratio L* a* b*

100:0:0 (w/w/w) 76.91±1.04a 3.27±0.81d 8.72±0.95d

80:10:10 (w/w/w) 73.07±2.11b 3.65±0.65d 12.53±1.03c

60:20:20 (w/w/w) 72.43±1.42b 5.09±0.19c 13.44±1.53c

40:30:30 (w/w/w) 68.57±1.93c 7.81±0.26b 17.93±1.18b

20:40:40 (w/w/w) 64.90±2.06d 9.52±0.47a 21.02±1.72a

Data are reported as mean ± standard deviation. Different letters within a column indicate 
significant differences (p<0.05). L*, lightness; a*, redness/greenness; b*, yellowness/
blueness.
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ability to absorb water and expand during cooking [Zhang et 
al., 2025]. The inclusion of easily hydrated mocaf might have 
enhanced the water absorption capacity of products, facilitat-
ing starch swelling. In addition, extrusion could modify starch 
structure and affect its hydration properties, thereby influencing 
swelling behavior [Shaikh et al., 2025]. 

Cooking loss increased significantly (p<0.05), from 5.74% 
to 10.67%, as the levels of mocaf and pumpkin flour increased 
in the rice analog formulations (Table 4), suggesting reduced 
starch matrix integrity during cooking. This increase was con-
sistent with the increase in swelling power, reflecting more 
intense granule swelling and greater amylose release due to 
the disruption of the starch gel structure [Shaikh et al., 2025]. 
Moreover, this effect could also be due to the presence of fib-
ers and non-starch components which are known to disrupt 
the continuity of the starch network and weaken structural 
cohesion [Zhao et al., 2026]. 

r	 Starch digestibility of rice analogs
With the increase in the proportions of mocaf and pumpkin flour 
in the formulation of the rice analogs, a decrease was observed 
in their total starch digestibility, i.e., from 87.42% to 76.05% (Table 5). 
This decrease may be associated with differences in starch compo-
sition of flours and the presence of dietary fiber. The accessibility 
of amylases to starch granules is reduced in the rice analogs with 
dietary fiber-rich material [Miao & Hamaker, 2021]. Dietary fiber 
forms a physical barrier that impairs enzyme diffusion. Moreover, 

flavor retention and palatability because oil acts as a carrier 
of volatile compounds in the food matrix [Zhang et al., 2021].

The bulk density of the rice analogs decreased significantly 
from 0.83 g/mL at 100:0:0 to 0.46 g/mL at 20:40:40 (w/w/w) ratio 
of sorghum flour, mocaf, and pumpkin flour (Table 4), indicat-
ing increased porosity and changes in the composite matrix 
structure. This parameter is influenced by particle geometry, 
material composition, and the extrusion and drying processes. 
The increase in pumpkin fiber content and the modification 
of mocaf starch during heating resulted in a more porous struc-
ture, thereby reducing the bulk density. Functionally, lower bulk 
density correlates with higher hydration capacity and lighter 
texture after cooking [Webb et al., 2023].

The water activity (aw) of the composite rice analogs 
ranged from 0.32 to 0.42 (Table 4). All aw values were below 
0.60, a threshold below which microbial growth is generally 
not observed, indicating good microbiological stability during 
dry storage [Beuchat, 1981]. Microbial growth is limited at low 
water activity because the availability of free water required for 
metabolic activity is reduced [Tarlak, 2023]. In addition, at low 
aw, the chemical reaction rates are reduced, which improves 
product stability during storage. 

Increasing the proportion of mocaf and pumpkin flour in-
creased the swelling power of the rice analogs from 5.82 to 
8.63 g/g (Table 4). This behavior may be related to differences 
in starch composition and the resulting hydration characteristics. 
The increase in swelling power indicates that starch has a greater 

Table 4. Physical and functional properties of instant rice analogs produced from sorghum flour, mocaf, and pumpkin flour blended in various proportions.

Sorghum flour to 
mocaf and pumpkin 
flour ratio

Water absorption 
capacity (g/g)

Oil absorption 
capacity (g/g)

Bulk density  
(g/mL) Water activity Swelling power 

(g/g)
Cooking loss 

(%)

100:0:0 (w/w/w) 2.13±0.04d 1.35±0.01e 0.83±0.00a 0.37±0.04c 5.82±0.98e 5.74±0.65e

80:10:10 (w/w/w) 2.37±0.01c 1.59±0.09d 0.61±0.00b 0.33±0.01d 6.34±0.15d 6.48±0.84d

60:20:20 (w/w/w) 2.52±0.07c 1.64±0.05c 0.56±0.03c 0.42±0.00a 7.18±0.83c 7.83±0.91c

40:30:30 (w/w/w) 2.86±0.01b 1.82±0.00b 0.53±0.01d 0.39±0.00b 7.96±0.17b 9.21±0.74b

20:40:40 (w/w/w) 3.24±0.05a 2.05±0.02a 0.46±0.00e 0.32±0.02d 8.63±0.70a 10.67±0.08a

Data are reported as mean ± standard deviation. Different letters within a column indicate significant differences (p<0.05).

Table 5. Starch fractions with different digestibility of instant rice analogs produced from sorghum flour, mocaf, and pumpkin flour blended in various proportions.

Sorghum flour to mocaf 
and pumpkin flour ratio

Total starch digestibility 
(%)

Rapidly digestible starch 
(%)

Slowly digestible starch 
(%)

Resistant starch  
(%)

100:0:0 (w/w/w) 88.7±3.4a 62.7±2.2a 26.0±1.2c 3.32±0.19d

80:10:10 (w/w/w) 86.2±2.9b 59.4±3.1b 26.7±2.2c 3.68±0.93d

60:20:20 (w/w/w) 85.0±3.7b 56.6±3.9c 28.4±1.7b 4.04±0.77c

40:30:30 (w/w/w) 81.7±2.0c 52.2±3.1d 29.5±2.0a 5.37±0.42b

20:40:40 (w/w/w) 77.8±3.0d 48.6±2.3e 29.3±1.2a 6.84±0.33a

Data are reported as mean ± standard deviation. Different letters within a column indicate significant differences (p<0.05).
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it enhances matrix complexity through interactions with starch, 
proteins, and non-starch components. Additionally, phenolic com-
pounds may inhibit α-amylase activity, thereby reducing enzymatic 
starch hydrolysis and starch digestibility [Sun et al., 2020]. 

The rapidly digestible starch (RDS) fraction decreased sig-
nificantly from 62.74% in the rice analog produced from sor-
ghum flour (100:0:0 formula) to 48.58% in the product based on 
the 20:40:40 (w/w/w) formulation (Table 5). This result indicates 
that increasing the proportion of mocaf and pumpkin flour 
reduced the susceptibility of starch to enzymatic hydrolysis dur-
ing the early stages of digestion. A lower RDS fraction suggests 
reduced rapid glucose release during digestion, which has been 
associated with glycemic response [Kim et al., 2024].

The slowly digestible starch (SDS) fraction increased from 
26.03% in the rice analog from sorghum flour to 29.55% 
in the product made from the 40:30:30 (w/w/w) formulation 
and stabilized at 29.26% in the product from the 20:40:40 (w/w/w) 
formulation (Table 5). This increase may be related to composi-
tional and structural changes in the matrix that influence the rate 
of starch hydrolysis. The increase in SDS content may be associ-
ated with interactions among starch, dietary fiber, and proteins, 
which can reduce enzyme accessibility to starch and thereby 
promote slower starch digestion, although these interactions 
were not directly measured. An increase in SDS is generally as-
sociated with a more gradual release of glucose during digestion 
[Kim et al., 2024]. 

Resistant starch (RS) fraction increased significantly from 
3.32% to 6.84% (Table 5), indicating an enhanced proportion 
of starch that resists digestion in the small intestine and func-
tions as a form of dietary fiber [Miao & Hamaker, 2021]. This 
increase may be due to starch retrogradation during extrusion 
and subsequent drying, coupled with interactions between 
starch and non-starch components. These thermal processes 
may facilitate the formation of resistant starch fractions in starch-
based products [Rahmadani et al., 2025; Shaikh et al., 2025].

r	 Bioactive compound content of rice analogs 
A significant increase in β-carotene content of the rice analogs 
was observed from 4.60 μg/g for the 100:0:0 formulation to 
32.66 μg/g for the 20:40:40 (w/w/w) formulation containing sor-
ghum flour, mocaf, and pumpkin flour (Table 6). Higher inclusion 
levels of pumpkin flour and mocaf contributed to an increased 
β-carotene content, with pumpkin flour serving as the primary 
source of carotenoids [Ninčević Grassino et al., 2023]. The re-
tention of carotenoids in the rice analog formulations may be 
influenced by the composition and structure of the food matrix 
during processing. Zhang et al. [2017] reported that changes 
in the pumpkin food matrix during drying altered carotenoid 
release and bioaccessibility, indicating that matrix characteristics 
play an important role in carotenoid stability.

The total phenolic content (TPC) increased significantly from 
2.54 to 9.15 mg GAE/g with increasing levels of mocaf and pump-
kin flour (Table 6), indicating the accumulation of phenolic com-
pounds derived from these composite materials. The concurrent 

increase in β-carotene content and TPC among the formulations 
highlights the contribution of pumpkin flour as a source of bio-
active compounds. This trend suggests that increasing the pro-
portion of pumpkin flour increases contents of both lipophilic 
(β-carotene) and hydrophilic (phenolic compounds) bioactive 
fractions within the composite systems.

r	 Texture profile analysis of cooked rice analogs
The hardness of rice analogs ranged from 36.9 to 18.4 N and de-
creased with increasing proportion of mocaf and pumpkin flour 
in the formulation (Table 7). Lower hardness values may reflect 
weakening of the continuous starch gel matrix, which reduced 
product resistance to compressive forces [Barbosa et al., 2023]. 
Increasing the proportion of mocaf and pumpkin flour increased 
the fiber content of the rice analogs. The high fiber content 
and changes in the starch ratio in the composite formulation 
likely interfere with the formation of the starch gel network. 
The incorporation of insoluble fiber creates discontinuities within 
the gel matrix, reducing its resistance to deformation and thereby 
lowering hardness values [Gu et al., 2026].

A decrease was found in the cohesiveness of rice analogs 
from 0.61 to 0.42 as sorghum flour substitution with mocaf 
and pumpkin flour increased (Table 7). This decrease reflects 
a reduced ability of the internal structure to withstand successive 
deformation cycles in TPA. This was due to two main reasons: 
first, the reduced content of sorghum starch, which forms a gel 
matrix, thereby reducing cohesiveness [Bahlawan et al., 2023], 
and second, the higher fiber content which may create structural 
discontinuities within the gel matrix, thereby weakening internal 
bonding [Shaikh et al., 2025]. 

The decrease in the springiness of the rice analogs from 
0.82 to 0.54 with increasing substitution of sorghum flour with 
mocaf and pumpkin flour (Table 7) indicates a reduced abil-
ity of the sample to return to its original shape after deforma-
tion, reflecting diminished elastic recovery of the gel structure. 
The reduction in the dominance of the main starch and changes 
in the amylose-amylopectin ratio, particularly the relatively high 

Table 6. β-Carotene content and total phenolic content of instant rice analogs 
produced from sorghum flour, mocaf, and pumpkin flour blended in various 
proportions.

Sorghum flour to mocaf 
and pumpkin flour ratio

β-Carotene 
content (µg/g)

Total phenolic 
content 

(mg GAE/g)

100:0:0 (w/w/w) 4.60±0.96e 2.54±0.17e

80:10:10 (w/w/w) 11.83±1.15d 3.11±0.86d

60:20:20 (w/w/w) 23.61±1.89c 4.87±0.15c

40:30:30 (w/w/w) 28.59±2.01b 7.08±0.53b

20:40:40 (w/w/w) 32.66±1.96a 9.15±0.72a

Data are reported as mean ± standard deviations. Different letters within a column indicate 
significant differences (p<0.05). GAE, gallic acid equivalent.
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amylopectin content characteristic of mocaf starch, resulted 
in a less-organized, less-elastic gel network. Furthermore, the in-
corporation of higher levels of non-starch compounds, especially 
dietary fiber from pumpkin flour, induces structural irregularities 
within the starch matrix. These irregularities disrupt molecular 
interactions within the gel network, thereby reducing elasticity 
[Vandana et al., 2026]. Changes in composition may also affect 
the degree of gelatinization during extrusion, leading to a looser 
gel structure [Shaikh et al., 2025].

Chewiness of the rice analogs decreased from 14.95 N to 
5.43 N with increasing proportions of mocaf and pumpkin flour 
in the formulation (Table 7). This decrease reflects the combined 
effect of reductions in hardness, cohesiveness, and springiness, 
as chewiness is a composite TPA parameter derived from these 
three attributes. Structurally, these changes are associated 
with modifications in the amylose-amylopectin ratio and with 

the disruption of the starch gel matrix by non-starch compo-
nents, such as fiber and protein, during extrusion. 

r	 Structural characteristics of rice analogs
FTIR spectra of the rice analogs produced from sorghum flour, 
mocaf, and pumpkin flour blends at 100:0:0, 80:10:10, 60:20:20, 
40:30:30, and 20:40:40 (w/w/w) ratios are shown in Figure 1. They 
exhibited the characteristic absorption pattern of starch without 
the formation of new functional groups, indicating that formula-
tion variations primarily affected intermolecular interactions. 

All rice analogs showed a broad band at approximately 
3,275 cm−¹ (Figure 1), corresponding to O–H stretching from 
starch hydroxyl groups and bound water. The intensity of this band 
was the highest for products from 100:0:0 and 80:10:10 (w/w/w) 
formulations, intermediate for the rice analog from the 40:30:30 
(w/w/w) formulation, and lowest when the flour blends at 

Table 7. Texture profile parameters of cooked instant rice analogs produced from sorghum flour, mocaf, and pumpkin flour blended in various proportions.

Sorghum flour to mocaf and pumpkin 
flour ratio Hardness (N) Cohesiveness Springiness Chewiness (N)

100:0:0 (w/w/w) 36.9±2.6a 0.61±0.01a 0.82±0.03a 14.95±1.06a

80:10:10 (w/w/w) 33.7±1.3b 0.54±0.03b 0.78±0.00b 13.71±0.95a

60:20:20 (w/w/w) 28.1±2.1c 0.49±0.00c 0.75±0.02b 10.03±0.89b

40:30:30 (w/w/w) 25.2±1.9d 0.46±0.02c 0.67±0.05c 7.51±0.73c

20:40:40 (w/w/w) 18.4±1.1e 0.42±0.01d 0.54±0.01d 5.43±0.08d

Data are reported as mean ± standard deviation. Different letters within a column indicate significant differences (p<0.05).
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Figure 1. Fourier transform infrared (FTIR) spectra of instant rice analogs produced from sorghum flour, mocaf, and pumpkin flour blended in various proportions.
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the 60:20:20 and 20:40:40 (w/w/w) ratios were used, indicating 
differences in hydrogen-bonding interactions within the matrix. 
The bands at 2,925 and 2,856 cm−¹ correspond to the asymmetric 
and symmetric C–H stretching vibrations of aliphatic groups [Kıy-
maz et al., 2025]. In the 1,200–900 cm−¹ fingerprint region, all 
formulations exhibited bands at 1,047 and 1,022 cm−¹, which are 
commonly associated with the crystalline and amorphous regions 
of starch, respectively [van Soest et al., 1995].

r	 Microstructure of rice analogs
SEM images show that increasing the substitution of sorghum 
flour with mocaf and pumpkin flour in the formulations from 
100:0:0 to 20:40:40 (w/w/w) progressively modified the morphol-
ogy of the rice analogs (Figure 2). The 100:0:0 formulation formed 
a compact and homogeneous matrix with minimal pores, indi-
cating a continuous starch network and uniform gelatinization. 
In turn, the rice analogs produced from sorghum flour, mocaf 

Figure 2. Microstructure of instant rice analogs produced from sorghum flour, mocaf, and pumpkin flour blended in various proportions.
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and pumpkin flour at 80:10:10 and 60:20:20 (w/w/w) ratios exhib-
ited microcracks and small cavities, resulting from the disruption 
of matrix continuity by non-starch components. The rice analogs 
obtained from flour blends in the 40:30:30 and 20:40:40 (w/w/w) 
ratios showed more pronounced porosity and cracks, indicating 
weakening of the starch network and structural heterogeneity 
after processing. These structural changes are consistent with 
the observed increase in water absorption capacity and a de-
crease in bulk density, suggesting that greater porosity facilitates 
water penetration and reduces matrix compactness. The more 
open and discontinuous matrix structure explains the observed 
reduction in hardness and cohesiveness in the texture profile 
analysis. This indicates weaker internal bonding within the gel 
network. Such morphological changes may also be related to 
starch reorganization during processing and cooling, which can 
influence the development of heterogeneous regions within 
the matrix [Chang et al., 2021]. In this study, the presence of pores 
and discontinuities in high-substitution formulations suggests 
that structural rearrangement occurs alongside increased incor-
poration of non-starch components. This structural modification 
contributes to the observed variations in the physicochemical 
and textural properties of the rice analogs.

r	 Sensory acceptance of cooked rice analogs
Based on the 5-point hedonic scale, all rice analogs received 
mean scores above 3.0 for color, aroma, taste, texture, and overall 

acceptance, indicating acceptable consumer responses (Figu
re 3). The rice analog produced from the sorghum flour, mocaf, 
and pumpkin flour blend at the ratio of 40:30:30 (w/w/w) received 
the highest mean scores for taste and aroma. Furthermore, its 
overall acceptance score was high, although did not differ sig-
nificantly (p≥0.05) from that of the product based on sorghum 
flour, mocaf, and pumpkin flour at the 60:20:20 (w/w/w) ratio. 
Rice analogs made from formulations containing higher propor-
tions of pumpkin flour (60:20:20, 40:30:30, and 20:40:40, w/w/w) 
received the highest color scores (4.00), which may be attributed 
to the presence of β-carotene pigment in pumpkin flour [Ninčević 
Grassino et al., 2023]. Aroma and taste scores improved with in-
creasing proportions of mocaf and pumpkin flour in the formula-
tion up to the 40:30:30 (w/w/w) formulation, whereas the 20:40:40 
(w/w/w) formulation did not show further improvement. This 
trend may be related to differences in the composition of the flour 
blends and flavor development during processing.

No significant differences (p≥0.05) were observed in texture 
acceptance among the rice analogs from 80:10:10, 60:20:20, 
and 40:30:30 (w/w/w) formulations. The texture of the sorghum 
flour product was rated the highest, while the texture of rice 
analog made from a flour blend at the 20:40:40 (w/w/w) ratio 
received the lowest score. Comparison of these results with 
the instrumental texture measurements suggests that texture 
acceptance was not solely determined by hardness and chewi-
ness values among the formulations. 

Sorghum �our to mocaf and pumpkin �our ratio (w/w/w/):
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CONCLUSIONS 
Increasing the proportion of mocaf and pumpkin flour in sor-
ghum-based instant rice analogs significantly affected their 
chemical composition, functional properties, structural charac-
teristics, and starch digestibility. Substitution of sorghum flour 
with mocaf and pumpkin flour increased contents of crude fiber, 
β-carotene, and total phenolics, and the proportions of slowly 
digestible starch and resistant starch, while decreased rapidly 
digestible starch, total starch digestibility, bulk density, and tex-
ture hardness. FTIR analysis indicated no formation of new func-
tional groups but suggested changes in starch organization 
associated with an increased amorphous fraction, whereas SEM 
observations revealed greater matrix porosity and structural 
heterogeneity. These structural modifications were consistent 
with the higher hydration capacity and softer texture observed 
after cooking. Among the formulations evaluated, the sorghum 
flour, mocaf, and pumpkin flour blend at 40:30:30 (w/w/w) ratio 
provided the most favorable balance between functional proper-
ties and sensory acceptance of rice analogs. Overall, the devel-
oped rice analogs demonstrate potential as a locally sourced 
functional food with increased contents of bioactive compounds 
and a modified starch digestibility profile.
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The incorporation of non-wheat flours to a composite bread formula presents a significant challenge in its development. This 
study aimed to improve bread quality particularly in terms of loaf volume, crumb structure, moisture retention, and dough 
machinability by substituting wheat flour with orange sweet potato flour hydrolyzed using amylase produced by Bacillus 
spizizenii ATCC 6633 and adding hydrocolloid hydroxypropyl methylcellulose (HPMC). Fifteen bread formulations containing 
hydrolyzed orange sweet potato flour (HOSPF; 0–60 g/100 g flour blend) and HPMC (0–3 g/100 g flour blend) were evaluated. 
Amylolytic hydrolysis significantly modified the physicochemical properties of orange sweet potato flour, as indicated by en-
hanced hydration gel properties, altered pasting behavior, disrupted starch microstructure, as well as increased reducing sugar 
content, amylopectin-to-amylose ratio, and β-carotene retention. Incorporation of HOSPF increased crumb firmness and color 
intensity. The effect of HPMC on loaf volume, specific volume, and dough machinability depended on HOSPF level in the for-
mula. Among all formulations, A1H0 (15 g HOSPF/100 g flour blend), A1H2 (15 g HOSPF/100 g flour blend + 3 g HPMC/100 g 
flour blend), and A2H0 (30 g HOSPF/100 g flour blend) exhibited the most balanced characteristics. These results demonstrate 
that the combined use of amylolytic hydrolysis and HPMC offers an effective strategy to enhance the composite bread quality. 

Keywords:� amylase, bakery product, flour blend, hydrocolloid, potato flour hydrolysis 

ORIGINAL ARTICLE
http://journal.pan.olsztyn.pl

Polish Journal of Food and Nutrition Sciences
2026, Vol. 76, No. 3, 264–278
DOI: 10.31883/pjfns/225559

ISSN 1230-0322, e-ISSN 2083-6007

©	 Copyright: © 2026 Author(s). Published by InLife Institute of Animal Reproduction and Food Research, Polish Academy of Sciences. This is an open 
access article licensed under the Creative Commons Attribution 4.0 License (CC BY 4.0) (https://creativecommons.org/licenses/by/4.0/)

INTRODUCTION
Composite bread is formulated through the incorporation 
of wheat and non-wheat flours, primarily to reduce depend-
ence on wheat flour and promote the utilization of locally 
available raw materials. The development of composite bread 
is closely associated with food security strategies, as it sup-
ports the diversification of carbohydrate sources and mitigates 
reliance on imported wheat. In recent years, the consump-
tion of composite bread has increased substantially, driven 
by growing consumer awareness of healthier and diverse 
dietary patterns. Nevertheless, wheat flour remains a critical 

component in breadmaking due to the functional role of gluten 
in imparting elasticity and gas-holding capacity to the dough. 
The formation of a continuous gluten network enables the re-
tention of gases produced during fermentation, thereby result-
ing in a light and porous crumb structure [Ronie et al., 2021]. 
Based on available evidence, non-wheat flours have not been 
reported to fully mimic the functional properties of gluten 
in breadmaking. Several studies have indicated that acceptable 
mechanical characteristics are typically achieved only when 
wheat flour substitution levels are kept below 30 g/100 g, such 
as in formulations containing 20 g/100 g pedada flour [Irmawati 
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et al., 2024], and red bean flour at 10 g/100 g [Espinosa-Ramírez 
et al., 2022].

Orange sweet potato flour represents a promising alter-
native to wheat flour due to its favorable starch composition 
and nutritional value. Content of amylose and amylopectin in its 
starch is approximately 18–24 g/100 g and 76–82 g/100 g, re-
spectively [Wang et al., 2020], which is comparable to the profile 
of wheat starch (14–19 g/100 g and 81–86 g/100 g, respectively) 
[Valková et al., 2019]. However, similar starch composition does 
not always result in similar bread quality because starches from 
tuber crops behave differently from cereal starches. In addition, 
orange sweet potato is rich in β-carotene, a precursor of vita-
min A, thereby providing enhanced nutritional benefits relative 
to wheat flour [Malavi et al., 2022]. Indonesia also reports a sub-
stantial production of orange sweet potato, reaching 1.4 million 
tons in 2024 [Ministry of Agriculture of the Republic of Indonesia, 
2024]. Collectively, these factors highlight its potential as a raw 
material for breadmaking. The relative proportion of amylose 
and amylopectin is key determinant of bread structure and tex-
ture: amylose contributes to the formation of a stronger starch 
network, whereas amylopectin enhances starch granule swell-
ing and water absorption during baking, thereby influencing 
bread volume and crumb characteristics [van Rooyen et al., 
2023]. However, the leaching of amylose from starch granules 
during baking may accelerate starch retrogradation upon cool-
ing, thereby contributing to crumb firming, while excessive 
amylopectin may result in sticky dough with inferior handling 
properties. These phenomena may ultimately shorten bread 
shelf-life [Chen et al., 2021].

The incorporation of non-wheat flours at substitution levels 
exceeding 30 g/100 g remains a technological challenge, par-
ticularly with respect to dough rheology and loaf volume. One 
potential approach to overcome these limitations is starch mod-
ification through enzymatic hydrolysis using amylase. Amylase 
catalyzes the hydrolysis of starch polymers into shorter chains, 
thereby influencing viscosity, water absorption, and dough rhe-
ology [Chen et al., 2021]. Bacillus spizizenii ATCC 6633 has been 
reported to produce amylase suitable for food industry applica-
tions, as the enzyme exhibits stability at elevated temperatures, 
indicating thermal stability under baking conditions [Maity et 
al., 2015]. In parallel, hydrocolloids have been reported to par-
tially mimic the structural functionality of gluten, leading to im-
provements in loaf volume, crumb texture, and storage stability 
[Irondi et al., 2023]. Hydroxypropyl methylcellulose (HPMC) is one 
of the most widely used among the hydrocolloids commonly 
applied in composite breadmaking, as it has been shown to ex-
ert superior functionality by stabilizing gas cells and promoting 
a fine crumb structure [Sadat et al., 2023]. 

Previous studies have reported that various non-wheat 
flours hydrolyzed by amylase from different microbial sources 
have been successfully applied in composite breadmaking. For 
instance, amylase-hydrolyzed rice flour and purple sweet po-
tato flour have been shown to increase specific volume of loaf 

and improve its texture compared to loaves made using un-
treated flours [Freire et al., 2025; Safari et al., 2013]. Furthermore, 
studies have also demonstrated that the addition of HPMC to 
composite breads based on rice, corn, and potato flours resulted 
in improved crumb softness and optimal loaf volume [Belorio 
& Gómez, 2020]. To date, there is limited information regarding 
the combined use of amylolytically-hydrolyzed orange sweet 
potato flour and hydrocolloids to enhance the quality of com-
posite bread. Based on these considerations, the objective of this 
study was to evaluate the effect of substituting wheat flour with 
α-amylase-hydrolyzed orange sweet potato flour and adding 
HPMC on the physical quality characteristics of breads and to 
identify the most promising formulation.

MATERIALS AND METHODS
r	 Materials 
The materials used in this study included B. spizizenii ATCC 6633 
(Bio-Microbiology Laboratory Collection, Food Technology 
Department, Prasetiya Mulya University, Tangerang, Indone-
sia); starch substrate, nutrient agar, and nutrient broth (Merck, 
Darmstadt, Germany) for microbial cultivation; pure amylose 
and amylopectin for amylose content determination (Merck); 
and distilled water (Evoqua, Pittsburgh, PA, USA). The main in-
gredients for breadmaking were wheat flour (Indofood, Jakarta, 
Indonesia), orange sweet potato flour (Selera Organik, Bantul, 
Indonesia), water, sugar powder (GMP, Central Lampung, Indo-
nesia), salt (Susanti Megah, Tangerang, Indonesia), margarine 
(Upfield, Cikarang, Indonesia), yeast (Lesaffre, Wavrin, France), 
milk powder (Karya Pranata, Bekasi, Indonesia), and HPMC (Jaya 
Mulyo, Bantul, Indonesia).

r	 Experimental design 
The study employed a randomized block design with two 
factors and three replications. The experimental factors were 
the proportion of amylolytically-hydrolyzed orange sweet po-
tato flour (HOSPF) in a blend with wheat flour (0, 15, 30, 45, 
and 60 g/100 g) and the addition level of HPMC to a flour blend 
(0, 1.5, and 3 g/100 g). Each treatment combination was coded 
as A*H*, where A represents the level of HOSPF (A0, A1, A2, 
A3, and A4, respectively) and H represents the addition level 
of HPMC (H0, H1, and H2, respectively). For example, A4H1 cor-
responds to substituting wheat flour with 60 g HOSPF per 100 g 
of the flour blend and adding 1.5 g HPMC to 100 g of the flour 
blend. In negative control, only non-hydrolyzed orange sweet 
potato flour (NHOSPF) was used, and positive control was pre-
pared from wheat flour. The research was conducted in several 
stages. Initially, orange sweet potato flour was hydrolyzed us-
ing amylase produced by B. spizizenii ATCC 6633, followed by 
evaluation of its functional properties. Subsequently, composite 
bread was prepared using HOSPF with HPMC incorporation. 
The resulting breads were then evaluated for physical proper-
ties. Finally, the quality of the selected composite bread formula 
was compared with that of conventional wheat-based bread.
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r	 Obtaining crude amylase and amylolytic hydrolysis 
of orange sweet potato flour 

Inoculum preparation and α-amylase production were per-
formed following the method previously used by Abd-Elaziz et 
al. [2020], with some modifications. B. spizizenii ATCC 6633 was 
first activated on nutrient agar and incubated at 37°C for 24 h. 
A loopful of culture was subsequently transferred into nutri-
ent broth and cultivated at 30°C with agitation at 2.3×g until 
an optical density (OD580) of 0.8 was reached, corresponding 
to the exponential growth phase. The resulting culture was 
used as inoculum at 10% (v/v) and introduced into a fermenta-
tion medium consisting of nutrient broth supplemented with 
2% starch substrate. Fermentation was carried out at pH 7, 30°C, 
and 2.3×g for 48 h. Following fermentation, the culture medium 
was centrifuged at 3,260×g for 25 min (Thermo Fisher Scien-
tific, Waltham, MA, USA) to separate the bacterial biomass from 
the liquid fraction. The recovered supernatant was collected 
and used as the crude α-amylase extract. Amylase activity was 
determined according to the procedure described by Punia et 
al. [2016], with some modifications. Briefly, 0.1 mL of a crude 
α-amylase extract diluted 100-fold with distilled water was mixed 
with 0.9 mL of phosphate-citrate buffer (pH 7) and incubated at 
37°C for 5 min. Subsequently, 2 mL of 2% gelatinized starch was 
added and further incubated at 37°C for 30 min. The reaction 
was terminated by adding 3 mL of dinitrosalicylic acid (DNS) 
reagent, followed by boiling at 90°C for 5 min, then cooling 
and adjustment to ambient temperature. The absorbance was 
measured using a spectrophotometer (Shimadzu, Kyoto, Japan) 
at λ=540  nm, and glucose was used to construct a standard 
curve. One unit of amylase activity was defined as the amount 
of enzyme that releases 1 µmol of glucose per min under assay 
conditions. 

Based on the measured enzyme activity, the required volume 
of enzyme solution was calculated to obtain a dosage of 50 U/g 
flour. The enzyme was then applied to hydrolyze a sweet potato 
flour suspension (20 g/100 mL of distilled water, pH 7) for 24 h at 
25°C [Safari et al., 2013]. The amylase was subsequently inactivat-
ed, and the flour suspension was simultaneously concentrated 
by heating the hydrolysate at 80°C for 150 min. The hydrolyzed 
flour was then washed with distilled water, dried at 60°C for 16 h, 
and used for bread preparation.

r	 Determination of physical properties of flours 
r	 Color 
Color of hydrolyzed and unhydrolyzed orange sweet potato 
flours, as well as wheat flour was evaluated using the CIELab 
color system using the colorimeter (ColorFlex EZ HunterLAB 
instrument, Reston, VA, USA). It was calibrated using the man-
ufacturer’s standard white and black calibration tiles prior to 
analysis. Color parameters were measured under illuminant 
D65 and a 10° standard observer. The parameters L* (lightness 
100 – darkness 0), a* (redness +a* – greenness −a*), and b* (yel-
lowness +b* – blueness −b*) were recorded. 

r	 Gel hydration properties and moisture content
The water absorption index (WAI) and water solubility index (WSI) 
of flours were measured by placing 1 g of the sample into a 15 mL 
centrifuge tube, followed by the addition of 10 mL of distilled 
water at 25°C for 30 min. The tube was centrifuged at 1,449×g 
for 10 min. The supernatant was removed and placed into an 
evaporating dish, while the resulting gel was weighed. The WAI 
was calculated as the ratio of the hydrated gel to the initial 
dry sample weight (g/g). The WSI was determined by drying 
the collected supernatant at 105°C for 4 h to obtain the dissolved 
solids. WSI was expressed as a percentage (%) and calculated as 
the ratio of the weight of the dissolved solids to the initial dry 
sample weight, multiplied by 100 [Yea et al., 2019]. The moisture 
content of the flours was determined by drying the samples 
in a forced-draft oven (BINDER, Tuttlingen, Germany) at 105°C 
for 3 h [AOAC, 2006].

r	 Pasting properties
Pasting properties were measured using a Rapid Visco Analyzer 
(RVA 4500; Perten Instruments, Hägersten, Sweden) following 
the procedure described by Martínez et al. [2015], with some 
modifications. The flour slurry was prepared by mixing 3.5 g (±0.1) 
of flour with 25 g (±0.1) of distilled water. The slurry was stirred 
at 960 rpm for 10 s and subsequently at 160 rpm throughout 
the analysis. The temperature profile consisted of holding at 
50°C, heating from 50 to 95°C at 12°C/min, holding at 95°C for 
2.5 min, cooling to 50°C at 12°C/min, and holding at 50°C for 
2 min. The RVA pasting profile was used to determine pasting 
temperature (°C), peak viscosity, final viscosity, breakdown vis-
cosity, and setback viscosity. Breakdown viscosity was calculated 
as the difference between peak viscosity and trough viscosity, 
whereas setback viscosity was calculated as the difference be-
tween final viscosity and trough viscosity. All viscosity values 
were expressed in mPa×s. 

r	 Microstructure 
Micrographs of flours were obtained using a Zeiss EVO MA10 
scanning electron microscope (SEM; Zeiss, Oberkochen, Ger-
many). The instrument was equipped with a tungsten filament, 
and operated at 9 mm working distance, as well as an accelerat-
ing voltage of 10 kV. The samples were sprayed and coated with 
gold, and then observed at a magnification of ×2,000. 

r	 Determination of the chemical composition of flours 
r	 Reducing sugar content 
Reducing sugar content of hydrolyzed and unhydrolyzed orange 
sweet potato flours, as well as wheat flour was determined using 
DNS method [Miller, 1959]. Samples were 100-fold diluted with 
distilled water, and 2 mL of the resulting suspension were mixed 
with 3 mL of the DNS reagent. The mixture was boiled at 90°C for 
5 min, then cooled and adjusted to ambient temperature. The ab-
sorbance was measured using a spectrophotometer (Shimadzu) 
at a wavelength of 540 nm. The amount of reducing sugars was 
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calculated using a glucose standard curve and corrected for 
the dilution factor. The results were expressed as g of glucose 
equivalent per 100 g of flour. 

r	 Content of total starch, amylose, and amylopectin
Amylose and amylopectin contents were determined using 
the spectrophotometric method by Reddappa et al. [2022], with 
some modifications. Approximately 100 mg of the sample were 
treated with 500 μL of aqueous ethanol (80 g/100 mL) to remove 
soluble non-starch compounds, and centrifuged at 16,099×g for 
5 min. The process was repeated twice. The pellet was washed 
with 500 μL of a 0.1 M NaCl solution with toluene (10 g/100 mL) 
and re-washed with aqueous ethanol (80  g/100  mL), then 
dried at 80°C for 4 h to obtain a purified starch residue. A total 
of 25 mg of starch residue were solubilized in 2.5 mL of 1 M 
NaOH and heated in a boiling water bath for 15 min. After cool-
ing, the volume was adjusted to 25 mL with distilled water. An 
aliquot of 1.25 mL was treated with 150 μL of 1 M acetic acid, 
100 μL of 1 M NaOH, and 500 μL of a potassium iodide solution, 
then adjusted to 25 mL with distilled water. The mixture was 
incubated for 20 min at room temperature, and absorbance was 
measured at 620 nm using a spectrophotometer (Shimadzu). 
Amylose content was calculated from a standard curve for pure 
amylose and amylopectin (Merck) mixtures with ratios ranging 
from 100:0 to 0:100 (w/w) and expressed as g per 100 g flour on 
a dry weight basis. The total starch content was obtained from 
25 mg of the purified starch residue. Amylopectin content was 
calculated by subtracting the amylose content from the total 
starch content.

r	 β-Carotene content
β-Carotene content was determined using high-performance 
liquid chromatography (HPLC) on an Agilent 1200 series system 
(Agilent Technologies, Santa Clara, CA, USA). Chromatographic 
separation was performed on a reversed-phase C18 column 
following the method of Rathi et al. [2022]. The mobile phase 
consisted of methanol and ultrapure water, used under gradi-
ent elution from 95:5 (v/v) to 100:0 (v/v) in 15 min, 100:0 (v/v) 
in 27 min and back to 95:5 (v/v) in 3 min, giving a total run time 
of 45 min. The flow rate was maintained at 0.8 mL/min, the col-
umn temperature at 30°C, and the injection volume was 20 μL. 
Detection was carried out at 440 nm. β-Carotene was identified 
by comparing retention time and absorption spectra with those 
of authentic standards. Quantification was performed using 
the external standard calibration method. β-Carotene standard 
(≥93% purity) was obtained from Sigma-Aldrich (St. Louis, MO, 
USA). Results were expressed as mg/kg flour sample.

r	 Bread preparation
Wheat bread was prepared using a formulation consisting 
of 100 g of total flour, 11.11 g of powdered sugar, 1.94 g of yeast, 
and 16.67 g of milk powder. In composite bread formulations, 
a portion of wheat flour was substituted with HOSPF in accord-
ance with experimental design. A bread sample with complete 

wheat flour substitution with NHOSPF was prepared as well. All 
dry ingredients were mixed for 1 min, followed by the addition 
of 66.67 g of water, HPMC at the level specified by the experimen-
tal design (g/100 g of total flour blend), 0.17 g of salt, and 11.11 g 
of margarine. The dough was then kneaded until a smooth 
and elastic consistency was achieved. Subsequently, the dough 
was proofed at 25°C for 20 min, remixed, divided into two equal 
portions, placed into baking molds (17×8×7 cm), and allowed to 
undergo a second proofing at 25°C for 15 min. The dough was 
then baked at 180°C for 35 min using an electric oven (KAO-K30, 
Konka, China). After baking, the bread was cooled at ambient 
temperature for 2–4 h prior to analysis [Bakare et al., 2016].

r	 Determination of physical characteristics of breads
r	 Loaf volume and specific volume 
Loaf volume was measured based on the rapeseed displace-
ment technique, modified by replacing rapeseed with mung 
beans [Manyatsi et al., 2020]. The method is based on the prin-
ciple that the volume of the bread corresponds to the volume 
of granular material displaced. The loaf volume was calculated as 
the difference between the volume of the measuring container 
and the volume occupied by the mung beans after bread inser-
tion. Specific volume was calculated by dividing loaf volume by 
its weight (mL/g) [Guan et al., 2023].

r	 Texture profile 
Three bread slices, including the central slice and one from each 
side, were used for texture profile analysis (TPA) using a texture 
analyzer (TX-700, Lamy Rheology Instruments, Champagne-au-
Mont-d’Or, France). Analysis was performed at room tempera-
ture under the following conditions: a 50-mm stainless cylinder 
(TX-PL50SS) as the probe, a 10 kg load, 1 mm/s of speed, 5 mm 
of distance, 1 N of sample detection, 1 mm/s speed for return, 
and 5 mm position for return. The testing method followed 
that of Wang et al. [2006], with parameters analyzed including 
cohesiveness, chewiness (N), resilience, and hardness (N). Texture 
parameters were determined from the force–time curves gen-
erated during analysis. Hardness was defined as the maximum 
force during the first compression cycle. Cohesiveness was cal-
culated as the ratio of the area under the second compression 
curve to that under the first compression curve. Chewiness was 
calculated as the product of hardness, cohesiveness, and springi-
ness, while resilience was determined as the ratio of the recovery 
area to the compression area during the first cycle.

r	 Dough rheology 
Three composite bread samples were selected based on their 
physical property scores (as presented in Table S1 in Supple-
mentary Materials), representing the best-performing formula-
tions, for further dough rheology analysis. Dough machinability 
was assessed by TPA determination in a TX-700 texture ana-
lyzer (Lamy Rheology Instruments) by using a 5-cm diameter 
probe, 75 s waiting period, and 60 g/100 g compression as 
described previously by Angioloni et al. [2008]. The measured 
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parameters included cohesiveness, chewiness (N), resilience, 
and hardness (N).

r	 Statistical analysis 
All experiments were conducted in triplicate. Results are ex-
pressed as mean and standard deviation (SD). Two-way analy-
sis of variance (ANOVA) was used for physical characteristics 
of breads; one-way ANOVA for flour characteristics and dough 
rheology, followed by Tukey’s multiple comparison test to de-
termine significant differences among means at a significance 
level of p<0.05. Statistical analysis was carried out using XLSTAT 
2025 Statistical Software (Lumivero, Denver, CO, USA).

RESULTS AND DISCUSSION
r	 Use of the crude amylase preparation
Due to the lack of a purification step, crude bacterial enzymes 
are economically cheaper to produce than purified commercial 
enzymes and can be cost-effective in applications [Mahfudz et 
al., 2024]. Therefore, in our study, crude amylase from B. spizizenii 
ATCC 6633 was obtained and used for the hydrolysis of orange 
sweet potato flour. A fixed enzyme dosage of 50 U/g flour was 
applied following the method of Safari et al. [2013], who report-
ed that this dosage was sufficient to achieve partial hydrolysis 
of purple sweet potato flour and to improve the swelling volume 
and firmness of wheat–purple sweet potato composite bread. In 
addition, previous studies have demonstrated that crude micro-
bial enzyme preparations may contain multiple carbohydrases 
that are capable of synergistically improving dough rheology 
and bread quality [Hmad et al., 2024]. However, no additional 
enzymatic activities of the crude amylase preparation obtained 
in our study were determined. Therefore, the effects observed 
are discussed primarily in relation to the action of α-amylase. 

r	 Physical properties of flours
r	 Color of flours
HOSPF exhibited a significantly darker color than NHOSPF 
and wheat flour (Figure 1). Considering color parameters, 
HOSPF had the lowest L* value (68.29), followed by NHOSPF 
(77.47), while wheat flour showed the highest L* value (93.28) 
(Table 1). In contrast, HOSPF exhibited the highest redness 
(a* – 14.43) and yellowness (b* – 24.44), followed by NHOSPF 

A B C

Figure 1. Color of (A) wheat flour, (B) non-hydrolyzed orange sweet potato flour (NHOSPF), and (C) hydrolyzed orange sweet potato flour (HOSPF).  

Table 1. Physical and chemical properties of wheat flour, non-hydrolyzed 
orange sweet potato flour (NHOSPF), and hydrolyzed orange sweet potato 
flour (HOSPF).

Parameter Wheat 
flour NHOSPF HOSPF

Color

L* 93.28±0.02a 77.47±0.03b 68.29±0.12c

a* 0.38±0.01c 13.83±0.02b 14.43±0.12a

b* 10.44±0.01c 23.20±0.02b 24.44±0.33a

Hydration gel properties

WAI (g/g) 1.85±0.03c 2.72±0.18b 3.20±0.04a

WSI (%) 5.04±0.19c  21.19±0.38b   22.66±0.45a

Moisture (g/100 g) 12.00±0.16a 6.54±0.23c 7.32±0.11b

Pasting properties 

Peak viscosity (mPa×s) 2,493±24a 513.3±3.1c 986.0± 4.4b

Trough viscosity (mPa×s) 1,073±13a 121.0±3.6c 966.7±4.5b

Breakdown viscosity (mPa×s) 1,421±15a 392.3±0.6b 19.3±1.5c

Final viscosity (mPa×s) 2,231±35a 163.3±6.1c 1,521±22b

Setback viscosity (mPa×s) 1,158±23a 42.3±3.2c 555±20b

Peak time (min) 9.47±0.00b 6.27±0.00c 11.27±0.12a

Pasting temperature (°C) 85.02±0.24b 77.57±0.03c 87.48±0.40a

Chemical composition

Reducing sugars (g/100 g) 0.49±0.1c 9.81±0.01b 19.11±0.36a

Amylose (g/100 g) 23.58±0.04a 17.65±0.09b 14.74±0.16c

Amylopectin (g/100 g) 47.19±0.88b 48.06±0.77ab 51.02±0.62a

Total starch (g/100 g) 70.77±0.91a 65.70±0.86b 65.76±0.79b

Amylopectin-to-amylose 
ratio

2.00 2.72 3.46

β-Carotene (mg/kg) 0.02±0.0c 1277±18a 872.5±6.4b

Values are expressed as mean ± standard deviation. Mean values within the same row 
followed by different letters are significantly different (p<0.05) according to Tukey’s multiple 
comparison test. WAI, water absorption index; WSI, water solubility index; L*, lightness; 
a*, redness–greenness, b*, yellowness–blueness.
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(13.38 and 23.20, respectively), whereas wheat flour exhibited 
an a* value close to zero (0.38), indicating almost no red or 
green hue, as well as the lowest b* value (10.44). The red-
dish-yellow hue of HOSPF and NHOSPF may be due to the pres-
ence of carotenoids. In turn, the more intense reddish-yellow 
color of HOSPF was probably associated with the combined 
effects of enzymatic hydrolysis and subsequent heat treatment 
(enzyme inactivation at 80°C for 150 min and flour drying at 
60°C for 16 h). Enzymatic hydrolysis increased the reducing sug-
ar content, while orange sweet potato flour naturally contains 
proteins [Olugbuyi et al., 2024], which provide amino groups 
that participate in the Maillard reaction [Rebholz et al., 2021]. 
Therefore, interactions between reducing sugars and amino 
groups may have promoted non-enzymatic browning during 
these subsequent heat-treatment steps, resulting in the forma-
tion of brown-colored compounds and a darker flour color. Sim-
ilar observations were reported by Pongpaiboon et al. [2016], 
who suggested that the darker color of α-amylase-treated rice 
flour might be related to Maillard reactions between reducing 
sugars and amino groups during processing. Moreover, previ-
ous studies have demonstrated that moderate heat treatment 
(60–70°C) can promote Maillard reactions in food matrices 
containing reducing sugars and amino groups, contributing 
to browning during drying [Chaipoot et al., 2026].

r	 Gel hydration properties and moisture content 
HOSPF exhibited the highest WAI and WSI (3.20 g/g and 22.66%, 
respectively) (Table 1). The hydrolysis process enhanced 
the ability of starch to bind water. Enzymatic hydrolysis altered 
the surface characteristics of starch granules and promoted 
a granule disruption. The enzymes preferentially hydrolyzed 
the amorphous fractions rather than the crystalline domains. 
Since water first enters the amorphous region before pen-
etrating crystalline domains, these structural changes may 
facilitate water penetration into starch granules [Almeida et 
al., 2019]. Consequently, partially hydrolyzed starch in HOSPF 
demonstrated a higher water solubility level than both NHOSPF 
and wheat flour.  

Moisture contents of all samples remained below the maxi-
mum limit for wheat flour (14.5 g/100 g) [Codex Alimentarius 
Commission, 2019], although significant (p<0.05) differences 
were observed between flours (Table 1). The lowest value was 
found for NHOSPF. The hydrolysis resulted in a significant in-
crease in moisture content. However, wheat flour exhibited 
the highest moisture content, which may be attributed to dif-
ferences in the processing conditions of the commercial wheat 
flour and commercial orange sweet potato flour used in this 
study, as well as the additional enzymatic hydrolysis applied to 
produce HOSPF.

r	 Pasting properties 
The viscosity of the starch slurry generally decreases after enzy-
matic hydrolysis due to starch depolymerization and reduction 

in its molecular weight [Sigüenza‐Andrés et al., 2022]. After dry-
ing, the hydrolyzed flour exhibits increased pasting viscosity. 
However, in our study, HOSPF exhibited a higher peak viscosity 
(986.0 mPa×s) compared to NHOSPF (513.3 mPa×s). This behav-
ior can be attributed to several mechanisms. Firstly, hydrolysis 
products, such as oligosaccharides and branched limit dextrins, 
can interact with leached amylose and long outer chains of am-
ylopectin from starch granules during gelatinization, forming 
a molecular association that contributes to a more developed 
viscous system. Secondly, due to their relatively low molecular 
weight and high mobility, these hydrolysis products can readily 
diffuse into the starch network and interact with starch mole-
cules during pasting. Thirdly, the hydroxyl (–OH) groups present 
in these hydrolysis products can interact with water molecules, 
reducing the amount of available water and restricting starch 
chain mobility, thereby contributing to increased viscosity [Wang 
et al., 2018]. Collectively, these mechanisms explain the higher 
viscosity of HOSPF compared to NHOSPF, which was howev-
er lower than that of wheat flour (2,493 mPa×s). In addition, 
HOSPF showed a significantly (p<0.05) higher trough viscosity 
(966.7 mPa×s) and a lower breakdown viscosity (19.3 mPa×s) 
compared to NHOSPF (121.0 and 392.3 mPa×s, respectively), 
indicating improved resistance to thermal and mechanical dis-
integration. This study, in line with previous findings by Shariffa 
et al. [2017], showed that the hydrolysis of sweet potato starch 
increased peak viscosity while decreased breakdown viscosity. 
Notably, the breakdown viscosity of HOSPF was even lower 
than that of wheat flour, suggesting superior viscosity stability 
of HOSPF under the tested conditions.

Interestingly, the final viscosity of HOSPF (1,521 mPa×s) was 
intermediate between wheat flour (2,231 mPa×s) and NHOSPF 
(163.3 mPa×s) (Table 1), indicating a more balanced structural 
re-association during cooling. This suggests a lower retrogra-
dation tendency than in wheat flour, which may contribute to 
reduced staling in composite bread, while still providing a firmer 
structure than NHOSPF. However, HOSPF exhibited a longer peak 
time (11.27 min) compared to NHOSPF (6.27 min), and wheat 
flour (9.47 min), as well as a higher pasting temperature (87.48°C) 
than NHOSPF (77.57°C), and wheat flour (85.02°C). These values 
indicate that the modified starch system requires higher thermal 
energy for gelatinization, likely due to strengthened molecular 
interactions and reduced water mobility. In contrast to physi-
cal treatments, such as high hydrostatic pressure (HHP), which 
induce pre-gelatinization and structural disruption leading to 
reduced pasting viscosity [Gu et al., 2026], enzymatic hydrolysis 
in the present study resulted in an increase in peak viscosity. This 
finding suggests that enzymatic treatment does not excessively 
damage starch granules but instead promotes molecular interac-
tions that enhance viscosity development. Overall, enzymatic 
hydrolysis improved the pasting properties of non-wheat flour, 
as reflected in HOSPF, highlighting its potential as a functional 
ingredient and partial substitute for wheat flour in composite 
bread formulation. 
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r	 Chemical composition of flours
r	 Reducing sugar content
The content of reducing sugars in HOSPF was significantly 
(p<0.05) higher compared to NHOSPF and wheat flour. This 
difference was expected, as the hydrolysis of starch by amylase 
produces reducing sugars including glucose, maltose, malto-
triose, and other maltooligosaccharides [Rebholz et al., 2021].

r	 Content of total starch, amylose, and amylopectin 
During dough kneading, flour starch swells due to the penetra-
tion of water into amorphous regions of the granules, which may 
be followed by limited amylose leaching into the extra-granular 
space [van Rooyen et al., 2023]. Subsequently, starch granules 
undergo gelatinization during baking, allowing extensive granule 
swelling, which is strongly influenced by the amylopectin-to-
amylose ratio. Starches with a higher amylopectin-to-amylose 
ratio generally exhibit greater swelling power because the highly 
branched structure of amylopectin is primarily responsible for 
granule swelling, particularly with the sufficient water content 
during gelatinization. In contrast, a higher amylose content has 
been associated with reduced granule swelling and swelling 
power [Chiodetti et al., 2024].

In the present study, the total starch content of wheat flour 
(70.77 g/100 g) was higher than that of NHOSPF (65.70 g/100 g) 
and HOSPF (65.76 g/100 g) (Table 1). However, the amylopectin- 

r	 Flour microstructure 
Figure 2 shows that starch granules in wheat flour and NHOSPF 
appeared intact and compact, exhibiting minimal surface dam-
age or fragmentation. The granules showed relatively smooth 
surfaces and fairly uniform, round-to-oval morphology. Starch 
granules generally exhibit round or oval shapes with smooth 
structural features. Such structural characteristics contribute to 
elastic dough properties and facilitate the formation of a strong 
gluten network. Starch granules occupy and fill the gluten matrix, 
thereby reducing gluten density and enhancing dough flex-
ibility and gas expansion during fermentation [Gao et al., 2020]. 
The starch granules of NHOSPF were significantly larger than 
those of wheat flour (Figure 2), suggesting potentially inferior 
dough-forming performance in terms of elasticity, and conse-
quently, potentially reduced dough stability and a lower loaf 
volume. 

In contrast, starch granules of HOSPF were no longer clearly 
distinguishable (Figure 2), indicating extensive granule disrup-
tion induced by amylolytic hydrolysis. The granules exhibited 
irregular surfaces, porous structures, agglomeration, surface 
erosion, and reduction in granule size, similar to those reported 
in a previous study for cassava starch hydrolyzed with α-amylase 
and glucoamylase [Cornejo et al., 2022]. This structural degrada-
tion is due to enhanced starch solubility and water absorption 
capacity.

Figure 2. Scanning electron microscope (SEM) micrographs (×2,000) of (A) wheat flour, (B) non-hydrolyzed orange sweet potato flour (NHOSPF), and (C) 
hydrolyzed orange sweet potato flour (HOSPF). 
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-to-amylose ratio of wheat flour (2.00) was lower than those 
of NHOSPF (2.72) and HOSPF (3.46), indicating that the swell-
ing power of wheat flour starch may be lower than that of or-
ange sweet potato flours. Previous studies have reported that 
wheat flour does not usually exhibit the highest swelling power 
compared to non-wheat flours, e.g., potato flour, which has 
larger granules, showed a higher swelling power than wheat 
flour at 70–90°C [Fan et al., 2024]. In addition to its effect on 
starch swelling power, the lower amylose content has been 
associated with the formation of softer starch gels [Teng et 
al., 2013]. As shown in Table 1, the amylose content of HOSPF 
(14.74  g/100 g) was significantly (p<0.05) lower than that 
of NHOSPF (17.65 g/100 g). Consequently, the lower amylose 
content of HOSPF could contribute to enhanced crumb soft-
ness compared with NHOSPF. 

The starch, amylose, and amylopectin contents deter-
mined in this study differed from those previously reported 
in the literature. For example, de Souza et al. [2020] reported 
starch, amylose, and amylopectin contents within the ranges 
of 51.6–59.1, 9.7–15.1, and 84.9–90.3 g/100 g, respectively, for 
four Brazilian sweet potato genotypes. These differences were 
expected because starch composition is largely influenced by 
genotypes. This finding has been further supported by Wang 
et al. [2020], who demonstrated that different sweet potato 
genotypes exhibited various starch, amylose, and amylopectin 
contents even when grown under the same environmental 
conditions, indicating that genotype is a major determinant 
of starch composition. Similarly, the orange sweet potato used 
in the present study belonged to a different genotype com-
pared to those used in previous studies, which may explain 
the differences in its starch composition. 

r	 β-Carotene content
A substantial variation was demonstrated in β-carotene content 
among wheat flour, NHOSPF, and HOSPF (Table 1). Wheat flour 
exhibited a negligible β-carotene content (0.02 mg/kg), con-
firming that conventional wheat-based products contribute 
minimally to provitamin A intake. In contrast, NHOSPF showed 
the highest β-carotene content (1,277 mg/kg), highlighting its 
potential as a functional ingredient rich in bioactive compounds. 
This value was substantially higher than those reported by 
Oloniyo et al. [2021] (36.3–188.3 mg/kg). The higher β-carotene 
content determined in the present study may be attributed 
to differences in sweet potato cultivars, as carotenoid content 
varies considerably among varieties. This explanation is sup-
ported by Islam et al. [2016], who reported significant variation 
in carotenoid content among orange-fleshed sweet potato 
cultivars. The HOSPF exhibited a significantly lower β-carotene 
content (872.5 mg/kg) compared to its non-hydrolyzed coun-
terpart, indicating that the hydrolysis process may lead to partial 
degradation or loss of β-carotene. The reduction in β-carotene 
following hydrolysis can be attributed to oxidative degradation 
and trans–cis isomerization reactions induced by exposure to 
oxygen and enzymatic activity during processing [Mordi et al., 

2020]. This may reduce the intensity of the yellow color in orange 
sweet potato flour. Nevertheless, HOSPF still retained a consider-
ably higher β-carotene level than wheat flour, suggesting that it 
remains a valuable source of provitamin A.

r	 Physical properties of breads
r	 Bread appearance
The appearance of breads produced from wheat flour (posi-
tive control) and its blends with HOSPF, without or with HPMC 
addition, as well as from NHOSPF (negative control) is shown 
in Figure 3. Breads of various formulations revealed differences 
in the volume, texture, and color, the extent of which was found 
to depend on the wheat flour substitution with HOSPF (A0– 
–A4) and the addition of HPMC (H0–H2). In the A0 treatment 
(0 g HOSPF/100 g flour blend) with different HPMC contents, 
the resulting breads exhibited the lightest color, like the positive 
control, with satisfactory volume, particularly in A0H1 and A0H2. 
This indicates that the addition of HPMC was able to maintain 
bread structure and expansion even in the absence of sweet 
potato flour. As the levels of wheat flour substitution with HOSPF 
increased (A1–A4), the bread color became progressively darker, 
shifting toward the characteristic orange-brown hue of sweet 
potato. Bread in treatment A1 (15 g/100 g flour blend) still ex-
hibited good expansion with a golden-yellow color, whereas at 
higher incorporation levels, such as A3 (45 g/100 g flour blend) 
and A4 (60 g/100 g flour blend), the bread color turned darker 
brown, and loaf volume tended to decrease. This observation 
is consistent with the higher reducing sugar content of HOSPF 
(Table 1). During bread production, α-amylase hydrolyzes starch, 
releasing glucose, maltose, and other reducing sugars which 
serve as substrates for the Maillard reaction [Rebholz et al., 2021]. 
These reducing sugars readily react with amino groups from 
proteins in wheat and orange sweet potato flours via the Maillard 
reaction, producing brown melanoidin pigments responsible 
for crust darkening [Helou et al., 2016]. Accordingly, increasing 
HOSPF substitution intensified the Maillard reaction, resulting 
in a darker and more reddish appearance. 

r	 Loaf volume and specific volume of breads
The highest loaf volume and specific volume were determined 
for the bread produced from A0H2 formulation (0 g HOSPF/100 g 
flour blend and addition of 3 g HPMC/100 g flour blend), reaching 
1,218.7 mL and 3.30 mL/g, respectively (Figure 4). In contrast, 
negative control (NHOSPF without HPMC) showed the lowest 
loaf volume and specific volume, at 318.0 mL and 0.90 mL/g, 
respectively. These results indicate that the addition of HPMC to 
wheat flour had the pronounced effect on improving the expan-
sion of breads by stabilizing gas bubbles and partially replacing 
gluten functionality, thereby enhancing dough structure during 
fermentation and baking [Torres-Pérez et al., 2024]. However, 
the effect of HPMC on bread expansion depended on the pres-
ence of HOSPF (Figure 4). In the breads containing HOSPF, 
HPMC generally reduced loaf volume and specific volume. 
This result was further confirmed by two-way ANOVA analysis, 
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Figure 3. Cross-sectional appearance of breads produced from wheat flour and its blends with hydrolyzed orange sweet potato flour (HOSPF) with or without 
hydroxypropyl methylcellulose (HPMC) addition. Treatments were coded as A*H*, where A indicates HOSPF substitution level (A0=0, A1=15, A2=30, A3=45, 
A4=60 g/100 g flour blend) and H indicates HPMC addition level to flour blend (H0=0, H1=1.5, H2=3 g/100 g). Bread made from non-hydrolyzed orange sweet 
potato flour without HPMC was negative control. 
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which showed that the interaction between main factors (HOSPF 
and HPMC) significantly influenced the volume and specific 
volume of composite breads (p<0.05) (Table S2 in Supple-
mentary Materials). The higher volume observed in the breads 
containing HOSPF compared to that produced from NHOSPF 
can be attributed to the amylolytic hydrolysis, which gener-
ates reducing sugars that accelerate yeast fermentation and in-
crease CO2 production, ultimately enhancing loaf expansion at 
certain incorporation levels [Struyf et al., 2017]. However, with 
increasing HOSPF incorporation levels, loaf volume tended to 
decrease, likely due to excessive gluten dilution and weakening 

of the dough matrix, which impaired gas retention capacity. This 
effect sustained despite the addition of HPMC, as both HPMC 
and HOSPF strongly compete for water, thereby limiting gluten 
hydration and restricting dough expansion.

r	 Texture profile parameters of breads
TPA results showed significant differences among samples in all 
parameters examined (Figure 5). Bread with higher HOSPF in-
corporation exhibited high hardness and chewiness, particularly 
at a substitution level of 45 g/100 g flour blend (A3). This ef-
fect is attributed to gluten dilution, as sweet potato flour lacks 
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Figure 4. (A) Loaf volume, and (B) specific volume of breads produced from wheat flour and its blends with hydrolyzed orange sweet potato flour (HOSPF) with 
or without hydroxypropyl methylcellulose (HPMC) addition. Different letters above bars indicate significant differences between breads (p<0.05). Treatments 
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gluten-forming proteins, thereby weakening the three-dimen-
sional dough network responsible for gas retention. Reduced gas 
retention lowers specific volume and crumb porosity, resulting 
in a denser structure that requires greater force to deform [Gan 
et al., 1995]. Although HOSPF exhibited a lower amylose content 
(Table 1), characteristics generally associated with a softer crumb, 
these potential benefits were insufficient to counteract the ad-
verse effect of gluten dilution at the higher substitution levels. 
These findings agree with observations made by Chikpah et al. 
[2023], who reported that higher incorporation levels of non-
wheat flour (orange-fleshed sweet potato and pumpkin flour) 
increased hardness and chewiness in composite bread.

Generally, higher cohesiveness reflects a crumb structure 
that remains intact during mastication, whereas lower cohesive-
ness results in increased crumbling [Encina-Zelada et al., 2018]. 
In our study, cohesiveness ranged from 0.689 (A2H2) to 0.882 
(A3H1), with positive control (A0H0) at 0.749 and did not exhibit 
a consistent trend with increasing HOSPF levels (Figure 5). In 
the absence of HPMC (H0), replacing wheat flour with HOSPF re-
sulted in cohesiveness values comparable to those of the positive 
control. Similarly, HPMC supplementation resulted in fluctuating 
cohesiveness across HOSPF substitution levels, indicating that 
no consistent effect of HPMC on crumb cohesiveness could be 
established. 

The two-way ANOVA revealed a significant interaction be-
tween HOSPF and HPMC for all TPA parameters (p<0.05) (Tab
le S2). This interaction explains the inconsistent role of HPMC 
across treatments, as its functionality varied depending on 
the composite flour matrix. In wheat bread, HPMC reduced 
hardness by improving gas retention, and increasing specific 
volume as mentioned previously, resulting in a lighter crumb 
[Belorio & Gómez, 2020]. However, HPMC tended to increase 
hardness in the composite breads containing HOSPF. This shift 
in functionality reflects the interaction between both factors, 
where the presence of HOSPF alters the ability of HPMC to 
improve structure. This occurs due to water competition be-
tween HOSPF, HPMC, and gluten. Given the identical water levels 
were used in all formulations, the higher water-binding capacity 
of HOSPF and HPMC likely resulted in limited gluten hydration 

and matrix expansion, reducing gas retention, and producing 
a denser crumb [Culetu et al., 2021]. A comparable effect has 
been reported by Encina-Zelada et al. [2018], who observed 
that increasing xanthan gum content at a constant water level 
increased crumb hardness, whereas increasing the water content 
reduced hardness and improved specific volume. Although a dif-
ferent hydrocolloid was used, these findings underscore the im-
portance of maintaining an appropriate hydrocolloid-to-water 
ratio for desirable bread texture.

Regarding the main effects, neither HOSPF nor HPMC 
showed a significant influence on resilience (p≥0.05) (Table S2), 
suggesting that the elastic recovery of the crumb was not sub-
stantially affected by these factors and mainly determined by 
the gluten network. In addition, the main effect of HPMC was 
not significant (p≥0.05) for cohesiveness, indicating that HPMC 
had a limited role in modifying the internal structural integrity 
of the crumb, which is more strongly influenced by starch com-
position and crumb density. 

Negative control, A4H1, and A4H2 could not be analyzed 
due to excessive hardness, which prevented the instrument from 
detecting the texture parameters. This result implies that adding 
hydrocolloids along with high incorporation levels of HOSPF may 
result in an overly stiff and technologically unsuitable crumb 
structure. Excessive hydrocolloid-starch interactions have been 
reported to cause severe stiffness in composite and gluten-free 
bread systems [Culetu et al., 2021]. Overall, these results indicate 
that the level of HOSPF in bread formula plays a more dominant 
role in determining bread quality than the hydrolysis process 
itself, while hydrolysis mainly acts as a supporting factor by 
improving flour functionality.

r	 Dough rheological properties
Dough rheology analysis was performed on selected samples 
based on their similarity in physical characteristic scores to A0H0 
(positive control). The selection was based on a scoring ap-
proach derived from multiple physical parameters, and the com-
plete scoring data are provided in Table S1. The top three 
samples were A1H0, A1H2, and A2H0, which, together with 
the positive control, were further analyzed for dough rheology. 

Table 2. Rheological properties of wheat flour dough and doughs from blend of wheat flour and hydrolyzed orange sweet potato flour (HOSPF) with or without 
the addition of hydroxypropyl methylcellulose (HPMC).

Parameter  A0H0 A1H0 A1H2 A2H0

Cohesiveness  1.36±0.04a  1.03±0.17b  0.96±0.04bc  0.85±0.04c 

Chewiness (N)  2.07±0.07bc  1.94±0.12c  2.35±0.14ab  2.71±0.22a 

Resilience  0.73±0.02a  0.64±0.04b  0.50±0.04c  0.51±0.03c 

Hardness (N)  1.66±0.03c  2.09±0.05c  2.67±0.07b  3.47±0.32a 

Values are expressed as mean ± standard deviation. Mean values within the same row followed by different letters are significantly different (p<0.05) according to Tukey’s multiple 
comparison test. Treatments were coded as A*H*, where A indicates HOSPF substitution level (A0=0, A1=15, A2=30 g/100 g flour blend) and H indicates HPMC addition level to flour 
blend (H0=0, H2=3 g/100 g flour blend).
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The rheological properties of the composite dough were sig-
nificantly influenced by the proportion of HOSPF in the flour 
blend and the addition of HPMC (Table 2). The positive control 
dough (A0H0) exhibited the highest cohesiveness and resilience, 
reflecting a strong and elastic gluten network typical of wheat-
based dough. As the level of HOSPF increased, cohesiveness 
and resilience progressively decreased, indicating weaken-
ing of the dough structure due to partial dilution of gluten 
and modification of starch-protein interactions [Culetu et al., 
2021]. The formulation containing 30 g HOSPF/100 g flour blend 
(A2H0) showed the highest hardness values, suggesting a denser 
and more rigid dough matrix. This result may be attributed to 
the altered starch structure resulting from hydrolysis, which can 
increase water absorption and limit dough extensibility, thereby 
producing a stiffer dough.

The addition of HPMC at 3 g/100 g flour blend (A1H2) par-
tially mitigated the negative effects of flour substitution on 
dough structure. HPMC likely contributed to these effects by 
forming a hydrocolloid gel that interacts with starch and pro-
teins, improving water retention, and reinforcing the dough 
matrix in the absence of sufficient gluten. Overall, increasing 
levels of HOSPF reduced dough elasticity and cohesiveness 
while increasing firmness. However, the incorporation of HPMC 
helped improve dough functionality by enhancing structural 
integrity and viscoelastic behavior [Torres-Pérez et al., 2024]. 
These results highlight the importance of hydrocolloid addition 
when formulating composite doughs with HOSPF to achieve 
rheological properties suitable for bread making.

CONCLUSIONS
This study demonstrates that the combination entailing sub-
stitution of wheat flour with orange sweet potato flour hydro-
lyzed using amylase from B. spizizenii ATCC 6633 and addition 
of hydroxypropyl methylcellulose influenced the physical char-
acteristics of composite bread. Amylolytic hydrolysis enhanced 
the orange sweet potato flour functionality, such as gel hydra-
tion properties and pasting properties. The level of substitution 
was found to be a dominant factor affecting bread quality. 
Increasing hydrolyzed orange sweet potato flour levels be-
yond 30 g/100 g flour blend led to a reduced loaf volume 
and increased crumb firmness due to excessive gluten dilution 
and intensified competition for water, which limited dough 
expansion. The most favorable balance for physical properties 
was achieved in formulations A1H0 (15 g HOSPF/100 g flour 
blend), A1H2 (15 g HOSPF/100 g flour blend + 3 g HPMC/100 g 
flour blend), and A2H0 (30 g HOSPF/100 g flour blend), indicat-
ing its suitability for composite bread formulation. Although 
amylolytic hydrolysis improved flour functionality, it could not 
fully compensate for structural weakening at higher substitu-
tion levels. This study highlights the potential of HOSPF as 
a functional ingredient for partial wheat flour substitution. How-
ever, the absence of proximate nutritional analysis and sensory 
evaluation in this study is acknowledged as a limitation. Future 
studies are, thus, recommended to include these aspects to 
provide a more comprehensive evaluation of product quality.
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Among the members of the genus Listeria, Listeria innocua is the species most commonly isolated from food products 
and food-processing environments. Although it is generally regarded as non-pathogenic, several reports have described 
cases of listeriosis caused by atypical L. innocua strains harboring virulence-associated genes. In this study, the presence 
of 28 virulence-associated genes was investigated by PCR in the genomes of 51 L. innocua isolates obtained from meat pro-
ducts and meat-processing environments in Poland. The hemolytic phenotype of the isolates was assessed as well. Among 
the Listeria pathogenicity island 1 (LIPI-1)-associated genes, prfA was detected in 10% of the isolates, while plcA and hly were 
each identified in 6% of the analyzed strains. The actA1 gene was present in 4% of the isolates. Internalin genes were largely 
absent, as inlA and inlB were not detected, while inlC and inlJ were each identified in only 2% of the isolates. Among other 
genes, sigB was present in all isolates (100%), whereas iap and flaA were detected in 7 and 6 isolates, respectively. In contrast, 
genes associated with Listeria pathogenicity island 3 (LIPI-3) were considerably more prevalent. Genes located in the 5’ region 
of the island (llsA, llsG, llsH, and llsX) were detected in approximately 69–73% of the isolates and frequently co-occurred, whereas 
genes from the 3’ region were much less common (5–13%). A complete LIPI-3 island was identified in two isolates (4%), while 
partial LIPI-3 profiles were detected in 40 isolates (78%). Among Listeria pathogenicity island 4 (LIPI-4) genes, licC and glvA 
were detected in 100% and 94% of the isolates, respectively. In the hemolysis assay, no hemolytic activity was detected in any 
of the isolates. These findings underscore a heterogeneous distribution of pathogenicity island-associated genes in L. innocua. 

Keywords:� food safety, hemolysis Listeria innocua, pathogenicity, virulence 

ORIGINAL ARTICLE
http://journal.pan.olsztyn.pl

Polish Journal of Food and Nutrition Sciences
2026, Vol. 76, No. 3, 279–287
DOI: 10.31883/pjfns/226185

ISSN 1230-0322, e-ISSN 2083-6007

©	 Copyright: © 2026 Author(s). Published by InLife Institute of Animal Reproduction and Food Research, Polish Academy of Sciences. This is an open 
access article licensed under the Creative Commons Attribution 4.0 License (CC BY 4.0) (https://creativecommons.org/licenses/by/4.0/)

INTRODUCTION
Members of the genus Listeria are Gram-positive, bacteria that 
are ubiquitous in natural ecosystems as well as in agricultural 
and food-processing environments. Their ability to tolerate os-
motic stress, grow at refrigeration temperatures, and form biofilms 
enables their persistence in food-processing facilities and along 
the production chain [Cebeci & Otlu, 2024]. Among the described 
species, Listeria monocytogenes is the main pathogen responsi-
ble for listeriosis in humans and animals [Kaszoni-Rückerl et al., 

2020]. In contrast, Listeria innocua has long been considered non-
pathogenic and is commonly used as a model organism due to its 
close genetic relatedness to L. monocytogenes [Matto et al., 2022]. 
It is frequently isolated from raw materials and food-processing 
environments, often co-occurring with L. monocytogenes and, 
in many cases, representing the predominant Listeria species 
detected [Arslan et al., 2020]. Despite its traditional classification 
as harmless, recent studies have suggested that certain atypical 
L. innocua strains may harbor virulence-associated determinants. 
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These strains may arise through horizontal gene transfer or due 
to evolutionary divergence from a virulent ancestor shared with 
L. monocytogenes [Ramadan et al., 2023; Zanolli Moreno et al., 
2012]. Phylogenetic analyses support this view, indicating that 
both species originated from a common ancestor, with the at-
tenuated phenotype of L. innocua likely resulting from the loss 
of key virulence genes [Clayton et al., 2014; Gana et al., 2023]. 
The presence of pathogenicity islands, such as Listeria patho-
genicity island 1 (LIPI-1),  (Listeria pathogenicity island 3 (LIPI-3), 
and Listeria pathogenicity island 4 (LIPI-4), in atypical L. innocua 
isolates further supports their evolutionary and genetic related-
ness to L. monocytogenes [Clayton et al., 2014; Li M. et al., 2021; 
Zanolli Moreno et al., 2012]. Although these strains generally 
exhibit lower virulence than L. monocytogenes [Moura et al., 2019], 
some hemolytic variants have demonstrated the ability to cross 
the intestinal barrier and disseminate within host tissues [Gwida 
et al., 2020]. Clinical reports have linked atypical L. innocua to 
severe infections in immunocompromised individuals, including 
bacteremia [Perrin et al., 2003], meningitis [Favaro et al., 2014], 
ventriculoperitoneal shunt infection [Karli et al., 2014], neonatal 
listeriosis [Arumugam et al., 2021], meningoencephalitis [Liao et 
al., 2022], and joint infection [Gupta et al., 2024]. Animal infections, 
such as cerebral listeriosis in cattle, have also been described 
[Matto et al., 2022; Rocha et al., 2013].

Virulence in pathogenic Listeria species is mediated by 
a coordinated set of adhesion, invasion, and intracellular sur-
vival factors enabling colonization of the gastrointestinal tract 
and translocation across the intestinal barrier [Wiktorczyk-Ka-
pischke et al., 2023]. The core virulence determinants are primarily 
located within LIPI-1, which comprises genes encoding two 
phospholipases (plcA and plcB), the pore-forming toxin (hly), 
a metalloprotease (mpl), and the actin-polymerization factor 
(actA) responsible for intracellular motility. Expression of LIPI-1 
genes is regulated by the transcriptional activator PrfA (encoded 
by prfA gene) [Lee et al., 2023]. Among the genes located within 
LIPI-1, the most critical is hly, which encodes listeriolysin O (LLO), 
a toxin responsible for β-hemolytic activity. L. innocua, which typi-
cally lacks the hly gene, is therefore generally considered a non-
hemolytic species. However, atypical L. innocua strains exhibiting 
hemolytic activity have also been described [Johnson et al., 
2004]. Conversely, rare, atypical L. monocytogenes strains, in which 
spontaneous loss of virulence genes resulted in a nonhemolytic 
phenotype, have been reported by Olaimat et al. [2018]. These 
observations highlight the necessity for continuous monitoring 
of hemolytic properties and associated virulence determinants. 
Another important group of virulence-associated proteins are 
internalins, i.e., surface proteins mediating adhesion and inva-
sion of host cells. The best-characterized members include inlA 
and inlB, while additional internalins, such as inlC, inlJ, inlH, inlK, 
inlL, inlF, and inlP, have also been implicated in host interaction 
and dissemination [Liu et al., 2007]. Other factors contribut-
ing to pathogenic potential include the invasion-associated 
protein (iap), flagellin (flaA), and the alternative sigma factor B 
(sigB), which regulates the general stress response and enhances 

bacterial survival under adverse environmental conditions [Osek 
& Wieczorek, 2022]. In addition to LIPI-1, hypervirulent Listeria 
strains may harbor LIPI-3 and LIPI-4. LIPI-3 consists of eight genes 
(llsA, llsG, llsH, llsX, llsB, llsD, llsP, and llsY) encoding listeriolysin S 
(LLS), i.e., a second cytolytic peptide that exhibits properties 
of both a bacteriocin and a hemolytic cytotoxic factor. LLS con-
tributes to the modulation of the intestinal microbiota and pro-
motes gastrointestinal colonization [Clayton et al., 2014; Cotter 
et al., 2008; Lee et al., 2023]. Notably, the llsX gene is commonly 
regarded as a molecular marker for the presence of the LIPI-3 
[Wiktorczyk-Kapischke et al., 2023]. LIPI-4, composed of six genes, 
encodes a cellobiose-family phosphotransferase system (PTS) 
and has been associated with enhanced neural and placental 
tropism, suggesting a role in central nervous system and ma-
ternal-neonatal infections [Lee et al., 2023; Li M. et al., 2021]. 
Although virulence factors have been extensively investigated 
in L. monocytogenes, knowledge regarding their distribution 
in other Listeria species remains limited.

Listeriosis remains a significant cause of mortality worldwide. 
Identifying and characterizing virulence factors is essential for 
both basic scientific research and ongoing medical challenges. 
Therefore, this study aimed to investigate the occurrence of se-
lected virulence-associated genes and the hemolytic phenotype 
of L. innocua isolates recovered from meat products and meat- 
-processing environments in Poland.

MATERIALS AND METHODS
r	 Bacterial isolates and genetic material
A total of 51 L. innocua isolates were included in this investigation. 
Of these, 32 were recovered from raw poultry, pork, and beef, as 
well as from processed meat products, including bacon, ham, 
and sausages. The remaining 19 isolates originated from meat- 
-processing environments and were recovered from swab sam-
ples collected from production lines, processing equipment, 
walls, and floors. The isolates were obtained through collabora-
tion with an accredited microbiological diagnostic laboratory 
in Poland. Due to the confidential nature of the source informa-
tion, detailed data regarding the exact origin of the isolates 
and the individual meat-processing facilities cannot be disclosed. 
All isolates were obtained in Poland during 2020–2021. Genomic 
DNA was extracted with the Genomic Mini kit (A&A Biotechnol-
ogy, Gdańsk, Poland) following the supplier’s protocol and served 
as the template for PCR analyses. Isolates stored at −80°C in brain 
heart infusion (BHI; Oxoid, Warsaw, Poland) supplemented with 
glycerol were used for the evaluation of hemolytic activity. Prior 
to the experiments, the taxonomic identity of all isolates had 
been verified as L. innocua via polymerase chain reaction–restric-
tion fragment length polymorphism (PCR-RFLP) and multiplex 
polymerase chain reaction (multiplex PCR). Exact methodologies 
were reported previously [Li F. et al., 2021; Paillard et al., 2003].

r	 Detection of virulence-associated genes
Conventional PCR was performed to detect selected virulence-
associated genes in L. innocua isolates. The analysis of the actA 
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gene was conducted using two primer pairs, designated actA1 
and actA2. Additionally, PCR assays targeting LIPI-4 genes were 
subjected to optimization; reproducible amplification was 
achieved for licC and glvA, whereas optimization attempts for 
the remaining genes did not yield reproducible results across 
all isolates. Therefore, these genes were excluded from further 
analysis. Each PCR reaction contained 0.2 U of RUN DNA polymer-
ase (A&A Biotechnology) with the corresponding reaction buffer, 
0.2 mM of each deoxynucleoside triphosphate (dNTP) (A&A Bio-
technology), and the appropriate primer pair (Table 1), synthe-
sized by Genomed S.A. (Warsaw, Poland). Approximately 10 ng 

of template DNA were added to each reaction, and the final reac-
tion volume was adjusted to 10 µL. PCR amplification was carried 
out using a Biometra TOne thermal cycler (Biometra, Göttingen, 
Germany). Three L. monocytogenes isolates obtained from food 
samples were used as positive controls. Following amplification, 
PCR fragments were examined by agarose gel electrophoresis us-
ing Midori Green Advance (1×; NIPPON Genetics EUROPE, Düren, 
Germany). Gel images were acquired with the Gel Doc imaging 
system (Bio-Rad, Hercules, CA, USA). For each target gene, a rep-
resentative fragment of the expected length was selected for pu-
rification with the Gel-Out Concentrator kit (A&A Biotechnology) 

Table 1. Detailed information about PCR conditions.

Virulence 
genes 

Primers 
name Target Primers’ sequence

Annealing 
temperature 

(°C)

Amplicon 
length 

(bp)
Reference

 Listeria 
pathogenicity 
island 1 (LIPI-1)

prfA
Listeriolysin-positive 
regulatory protein

F: 5’-GATACAGAAACATCGGTTGGC-3’ 
R: 5’-GTGTAATCTTGATGCCATCAGG-3’

49 274
D’Agostino et al. 

[2004]

plcA  
Phosphatidylinositol-

specific phospholipase 
C

F: 5’-CTGCTTGAGCGTTCATGTCTCATCCCCC-3’
R: 5’-CATGGGTTTCACTCTCCTTCTAC-3’

60 1,484
Notermans et al. 

[1991]

plcB  
Phosphatidylicholin-

specific phospholipase 
C

F: 5’-GCAAGTGTTCTAGTCTTTCCGG-3’ 
R: 5’-ACCTGCCAAAGTTTGCTGTGA-3’

55 795
Nishibori et al. 

[1995]
mpl Metalloprotease

F: 5’-GGCTCATTTCACTATGACGG-3’ 
R: 5’-GCTTCCCAAGCTTCAGCAACT-3’

55 1,473

hly   Listeriolysin O
F: 5’-GCAGTTGCAAGCGCTTGGAGTGAA-3’ 
R: 5’-GCAACGTATCCTCCAGAGTGATCG-3’

60 210
Park et al.  

[2006]

actA1  
Actin polymerization 

protein
F: 5’-CGCCGCGGAAATTAAAAAAAGA-3’ 
R: 5’-ACGAAGGAACCGGGCTGCTAG-3’

62
839 (or 

950)
Jallewar et al. 

[2007]

actA2  
Actin polymerization 

protein
F: 5’-GACGAAAATCCCGAAGTGAA-3’ 
R: 5’-CTAGCGAAGGTGCTGTTTCC-3’

63
268 (or 

385)
Jaradat et al. 

[2002]

Other 
virulence- 
-associated 
genes

sigB Sigma factor
F: 5’-TCATCGGTGTCACGGAAGAA-3’ 
R: 5’-TGACGTTGGATTCTAGACAC-3’

51 310
Bae et al.  

[2012]

iap   
Invasion associated 

protein
F: 5’-ACAAGCTGCACCTGTTGCAG-3’ 
R: 5’-TGACAGCGTGTGTAGTAGCA-3’

56 131
Furrer et al. 

[1991]

flaA  Flagellin
F: 5’-TTACTAGATCAAACTGCTCC-3’ 
R: 5’-AAGAAAAGCCCCTCGTCC-3’

54 538
Borucki & Call 

[2003]

Internalins

inlA  Internalin A
F: 5’-ACGAGTAACGGGACAAATGC-3’ 
R: 5’-CCCGACAGTGGTGCTAGATT-3’

55 800
Liu et al.  
[2007]

inlJ  Internalin J
F: 5’-TGTAACCCCGCTTACACAGTT-3’ 
R: 5’-AGCGGCTTGGCAGTCTAATA-3’

55 238

inlB  Internalin B
F: 5’-CATGGGAGAGTAACCCAACC-3’ 
R: 5’-GCGGTAACCCCTTTGTCATA-3’

57 500
Zhang & Knabel 

[2005]
inlC   Internalin C

F: 5’-CCCACAATCAAATAAGTGACCTT-3’ 
R: 5’-CTGGGTCTTTGACAGTATTTGTT-3’

57 400

Listeria 
pathogenicity 
island 3 (LIPI-3)

llsX

Listeriolysin L

F: 5’-TTATTGCATCAATTGTTC TAGGG -3’ 
R: 5’-CCCCTATAAACATCATGCTAGTG-3’

55.5 200
Vilchis-Rangel 

et al. [2019]

llsA
F: 5’-CGATTTCACAATGTGATAGGATG-3’ 

R: 5’-GCACATGCACCTCATAAC-3’
52 280

Clayton et al. 
[2014]

llsG
F: 5’-GAGACTGGGCTTACTTGC-3’

 R: 5’-TACCTCCTGTTCACTGCTTG-3’
50 415

Zhang et al. 
[2019]

llsH
F: 5’-ATGATGTTCGCTATGGTT-3’ 
R: 5’-ACATTCCTACTGGCATCA-3’

45 421

llsB
F: 5’-TTACAATCAACCACCAGG-3’ 
R: 5’-AGTGAACCGAATGACAGA-3’

45 334
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and subsequently subjected to Sanger sequencing by Genomed 
S.A. (Warsaw, Poland). The resulting sequences were compared 
against reference entries in the NCBI BLAST database (version 
2.15.0) to verify the identity of the amplified targets.

r	 Hemolysis assay
Hemolytic activity was assessed using Columbia Agar sup-
plemented with 5% sheep blood (Oxoid, Warsaw, Poland). 
Bacterial isolates stored as glycerol stocks were first streaked 
onto BHI agar and incubated at 35°C for 24 h. Subsequently, 
cultures were re-streaked onto blood agar plates and incubated 
at 35°C for 24 h and 48 h, with hemolysis evaluated after each 
incubation period. Listeria ivanovii ATCC 19119 was used as 
a positive control.

RESULTS AND DISCUSSION
Listeriosis is a significant foodborne disease transmitted primarily 
through contaminated food, including meat and meat products 
[Zanolli Moreno et al., 2014]. While the pathogenicity of L. mono-
cytogenes is well characterized in terms of its virulence gene 
[Freitag et al., 2009], the virulence potential of non-pathogenic 
Listeria species remains poorly understood. Therefore, this study 
analyzed the presence of 28 virulence-associated genes in 51 
L. innocua isolates by PCR. Detailed results regarding the pres-
ence of individual virulence-associated genes in each isolate, 
together with the corresponding source of isolation, are pre-
sented in Figure 1.

r	 Presence of LIPI-1 genes and internalin-associated 
genes

Genes associated with the LIPI-1 were detected sporadically 
among the analyzed isolates (Figure 1). The prfA gene was 
identified in 5 isolates (10%) from raw meat samples and food- 
-processing environments, while plcA and hly were each detected 
in 3 isolates (6%). The actA1 gene was present in 2 isolates (4%), 
whereas plcB, actA2, and mpl were not detected in any strain. 
In contrast, the stress-response regulator sigB, which is not part 
of LIPI-1, was present in all isolates (100%). Additionally, the iap 
gene was identified in 7 isolates (14%), and flaA in 6 isolates (12%). 
Notably, none of the analyzed isolates carried a complete LIPI-1. 

The prevalence of LIPI-1 genes observed in the present study 
was generally lower than that reported in several previous inves-
tigations. For example, plcA was detected in 97.4% of L. innocua 
isolates recovered from beef, fish, raw milk, and traditional cheese 
samples in Turkey, followed by iap (35.8%) and hlyA (15.3%) [Ce-
beci et al., 2024]. In the present study, plcA and hly were identified 
in only 6% of the isolates, while iap was detected in 15%, indicat-
ing a substantially lower prevalence of these virulence-associated 
determinants. The occurrence of the iap gene appears to vary 
considerably among studies. A markedly higher prevalence 
was reported, with iap identified in 36 isolates from the poultry 
production chain [Gwida et al., 2020]. Similarly, the gene was 
detected in isolates originating from cattle and sheep [Matto et 
al., 2022], raw milk and yogurt samples [Ramadan et al., 2023] 
and grain samples [Yong et al., 2024]. The prevalence of plcA 

Virulence 
genes 

Primers 
name Target Primers’ sequence

Annealing 
temperature 

(°C)

Amplicon 
length 

(bp)
Reference

llsD
F: 5’-TATGGTGGTATGGAGGGT-3’ 
R: 5’-ATCACCCTGCTTATTTCA-3’

45 562

Zhang et al. 
[2019]

llsP
F: 5’-TTTCCAGGTATGCTTCTT-3’ 
R: 5’-CAATTACGGTGGTTCTCA-3’

45 554

llsY
F: 5’-ATTAGAATAGGAACGCAGAC-3’ 

R: 5’-TCATAGCACCCAGTTTCG-3’
50 581

Listeria 
pathogenicity 
island 4 (LIPI-4)

licA

 Phosphotransferase 
system (PTS) sugar 

transporter enzyme IIA 
(EIIA) subunit

F: 5’-GCCTCTTCCTCGTTTCTA-3’ 
R: 5’-GACTTAACTAAATCGCAGTA-3’

45 227

licB

 Phosphotransferase 
system (PTS) sugar 

transporter enzyme IIB 
(EIIB) subunit

F: 5’-ATTGCGGCATCTGAGAAA-3’ 
R: 5’-CAGCGATTAGAATTGGTACTGC-3’

55 232

licC

 Phosphotransferase 
system (PTS) sugar 

transporter enzyme IIC 
(EIIC) subunit

F: 5’-GGGATTCCGAAACTACCT-3’ 
R: 5’-CGAGTGCTCCTGTAACCC-3’

47 736

Lm900558-
70012

 Phosphotransferase 
system (PTS)-associated 

protein

F: 5’-TGGTAACAATGCCTGCTT-3’ 
R: 5’-GCTGAAAGCCCACTGTAT-3’

50 369

Lm900558-
70013

Transcriptional 
antiterminator

F: 5’-TATTCAGTGGTTACGAGGCT-3’ 
R: 5’-CTCCGCCGAAATCTGGTA-3’

50 403

glvA
Maltose-6’-phosphate- 

-glucosidase
F: 5’-TTACTATTGCTGGCGGAGGA-3’ 

R: 5’-TGCTCACGACCATCCATT-3’
47 847

Table 1 cont. Detailed information about PCR conditions.
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and hly has been reported to vary considerably among L. in-
nocua isolates, with one study detecting both genes in all five 
isolates recovered from swine slaughterhouses and meat mar-
kets, whereas another identified them in only 9 of the 42 isolates 
collected from fecal samples of healthy birds in Finland [Moura 
et al., 2019; Zanolli Moreno et al., 2014]. In Polish research, hly 
was identified in 16.7% of isolates from fish and shrimp, while 
plcA and iap were absent [Zakrzewski et al., 2020]. In contrast, no 
presence of hly, plcA, or iap was detected in L. innocua isolates 
from food and food-contact surfaces [Mafuna et al., 2022; Rossi 
et al., 2020]. The discrepancies between studies may reflect dif-
ferences in isolate origin, genomic diversity, and the dynamic 
nature of virulence-associated gene acquisition or loss within 
L. innocua populations. 

The present study demonstrated a very limited distribution 
of internalin-associated genes among the analyzed L. innocua 
isolates (Figure 1). Neither inlA nor inlB was detected in any 
of the examined strains. In contrast, inlC was identified in a single 
isolate recovered from a food-processing environment, while 
inlJ was detected in one isolate originating from a beef sample 
(2% each). 

Similarly, low prevalence of internalin genes has been re-
ported in other studies. In the study, five atypical L. innocua 
isolates were described, all of which harbored inlA and inlJ, 
suggesting that certain atypical strains may carry a broader 
repertoire of virulence-associated genes [Zanolli Moreno et al., 
2012]. The presence of inlA in only a single isolate obtained from 
food and food-manufacturing plants has also been reported 
[Rossi et al., 2020]. Conversely, no inlA, inlB, inlC, inlJ, or inlK genes 
were detected among isolates from the poultry production chain 
[Gwida et al., 2020]. Other studies have also reported the absence 
of major virulence determinants in L. innocua. Isolates from fresh 
and frozen soft fruits lacked LIPI-1 and internalin genes [Wartha 
et al., 2023], while strains from slaughterhouses were found to be 
devoid of LIPI-1, internalins, and LIPI-3 elements [Qi et al., 2024].

Although LIPI-1 and internalin-associated genes were gener-
ally detected sporadically and most often occurred individually, 
two isolates stood out due to their notably expanded virulence 
gene profiles. Isolate ID56, recovered from beef, harbored six 
virulence-associated genes (prfA, sigB, iap, plcA, actA, and inlJ), 
representing one of the most complex profiles identified in this 
study. Similarly, isolate ID 205, originating from poultry, car-
ried four virulence-associated genes (sigB, plcA, hly, and flaA). 
The presence of multiple virulence determinants within single 
isolates is noteworthy and may indicate an increased adaptive 
or pathogenic potential, warranting further investigation to as-
sess their functionality and possible contribution to virulence.

r	 Presence of LIPI-3 genes
In contrast to the limited distribution of LIPI-1 and internalin- 
-associated genes, LIPI-3 genes were considerably more prev-
alent among the analyzed L. innocua isolates. Genes located 
in the 5’ region of the LIPI-3 were detected at high frequencies. 
The llsA and llsX genes were each identified in 36 isolates (69%) 

and consistently co-occurred within the same strains. Similarly, 
llsG and llsH were detected in 37 isolates (73%) and were always 
present together. Notably, all isolates harboring llsA and llsX 
also carried llsG and llsH, indicating a strong tendency for co-
occurrence of genes located in the 5’ region of the island. In 
contrast, genes located in the 3’ region of LIPI-3 were detected 
much less frequently. The llsB and llsD genes were each identified 
in 7 isolates (13%) and consistently co-occurred. The llsP gene 
was detected in 5 isolates (10%), whereas llsY was found in only 
3 isolates (6%). A complete LIPI-3, defined as the presence of all 
eight analyzed LIPI-3 genes, was identified in 2 isolates (4%), both 
originating from distinct food-processing environment samples. 
Partial LIPI-3 profiles, characterized by the presence of at least 
one LIPI-3 gene, were detected in 40 isolates (78%), whereas 
11 isolates (21%) did not harbor any of the analyzed LIPI-3 genes.

The predominance of LIPI-3 genes observed in the present 
study is consistent with previous findings demonstrating that 
these genes are more prevalent in L. innocua than other patho-
genicity islands. Clayton et al. [2014] analyzed a total of 64 L. 
innocua isolates recovered from food products, of which 45 strains 
(70.3%) were positive for llsA. Eleven isolates carried a complete 
LIPI-3, whereas 25 exhibited a truncated LIPI-3 profile lacking llsB, 
llsY, llsD, and llsP, corresponding to the presence of llsA, llsG, llsH, 
and llsX. Nine isolates harbored only llsA, and 19 strains lacked 
all LIPI-3 genes. Notably, the LIPI-3-positive isolates described 
in that study were non-hemolytic, consistent with the findings 
of the present study [Clayton et al., 2014]. In another investiga-
tion focusing on non-pathogenic Listeria spp. isolated from food 
and food-processing facilities, three L. innocua isolates harboring 
a complete LIPI-3 were identified among 36 analyzed strains 
[Mafuna et al., 2022]. A larger survey conducted in South Af-
rica examined 110 L. innocua isolates originating from cattle 
farms, beef abattoirs, and retail outlets. The llsA (66 isolates), llsG 
(66 isolates), llsH (65 isolates), and llsX (65 isolates) genes were 
frequently detected, whereas genes located in the 3’ region- llsB 
(7 isolates), llsD (8 isolates), llsP (6 isolates), and llsY (8 isolates), were 
considerably less prevalent [Gana et al., 2023]. These findings cor-
roborate the results of the present study, confirming the broader 
distribution of LIPI-3 compared with other pathogenicity islands 
in L. innocua. Hence, a consistent pattern emerges across stud-
ies, including the present one, demonstrating higher prevalence 
and frequent co-occurrence of genes located in the 5’  region 
of the island, accompanied by reduced detection of genes po-
sitioned toward the 3’ end. The structure of LIPI-3, therefore, ap-
pears to vary among L. innocua isolates, ranging from complete 
islands to partial remnants or total absence, reflecting ongoing 
genomic variability within the species. Notably, LIPI-3 has been 
reported to be considerably more widespread in L. innocua than 
in L. monocytogenes, where it is generally confined to selected 
hypervirulent lineages [Lee et al., 2023; Zhang et al., 2019].

r	 Presence of selected LIPI-4 genes
Among the LIPI-4 genes, licC and glvA were successfully ana-
lyzed. The licC gene was detected in all examined isolates 
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as analyses of gene expression. Although L. innocua is generally 
regarded as a non-hemolytic species, hemolytic isolates have 
occasionally been reported. An atypical strain carrying a com-
plete set of LIPI-1 genes exhibited hemolytic activity but failed 
to induce disease in murine models, suggesting that hemoly-
sis alone does not necessarily confer full pathogenic potential 
[Johnson et al., 2004]. In contrast, other studies demonstrated 
that hemolytic L. innocua isolates harboring LIPI-1 and inlA may 
exhibit virulence, including the ability to cross the intestinal 
epithelium and disseminate systemically, albeit to a lesser ex-
tent than L. monocytogenes EGDe [Moura et al., 2019]. Weakly 
hemolytic hly-positive isolates and additional hemolytic LIPI-1 
positive strains from pork, seafood, and poultry have also been 
described [Milillo et al., 2012; Volokhov et al., 2007; Zanolli Moreno 
et al., 2014]. Although exposure to atypical hemolytic L. innocua 
strains appears to be rare, both the present findings and previous 
reports indicate that phenotypic assessment of hemolysis may 
not always provide reliable results. The emergence of atypical iso-
lates, including strains exhibiting low-hemolytic activity, further 
complicates species identification when conventional methods 
are applied. The present findings highlight that the presence 
of the hly gene alone is not sufficient to infer hemolytic pheno-
type in L. innocua, emphasizing the importance of combining 
genotypic and phenotypic approaches in virulence assessment.

CONCLUSIONS
This study provides the first comprehensive characterization 
of 28 virulence-associated genes in L. innocua isolates recovered 
from raw and processed meat products as well as meat-pro-
cessing environments in Poland. The findings indicate a spo-
radic occurrence of genes clustered within the LIPI-1 and intern-
alin-associated genes. In contrast, LIPI-3 genes, present either as 
a complete island or in truncated forms, were more widespread, 
demonstrating a predominance compared with other patho-
genicity islands. The universal presence of sigB, together with 
the frequent detection of licC and glvA, may suggest enhanced 
metabolic adaptability of the analyzed isolates and could support 
their persistence in food and food-processing environments. 
Although L. innocua is generally regarded as non-pathogenic, its 
occurrence in food matrices warrants attention, particularly due 
to its frequent coexistence with L. monocytogenes and its poten-
tial role as a reservoir of virulence-associated genes. Importantly, 
the detection of virulence-associated genes at the genomic 
level does not necessarily imply their functional expression or 
pathogenic potential. As the present study was limited to DNA- 
-based identification of these determinants, further investigations 
focusing on transcriptional activity and functional analyses are 
required to more accurately assess their potential contribution 
to the pathogenicity of L. innocua. Furthermore, the implementa-
tion of whole-genome sequencing (WGS) in future studies could 
further strengthen this approach by providing comprehensive 

(51/51; 100%), while glvA was identified in 48 isolates (94%). 
The remaining LIPI-4 genes were not included in the present 
analysis.

LIPI-4 is a relatively recently described pathogenicity island 
and remains the least extensively investigated among the known 
Listeria pathogenicity islands. In L. monocytogenes, its occurrence 
is largely restricted to the hypervirulent clonal complex CC4 
[Lee et al., 2023]. Data regarding its distribution in L. innocua 
remains limited compared with LIPI-1 and LIPI-3. Structurally, 
LIPI-4 encodes a PTS system: licC,  encoding the enzyme IIC 
component (EIIC) of the phosphotransferase system (PTS) sugar 
transporter, responsible for substrate recognition and facilitates 
sugar transport into the cell, and glvA, encoding maltose-6’- 
-phosphate glucosidase [Zhang et al., 2019]. Both genes were 
highly prevalent among the examined isolates, with licC detected 
in all strains and glvA in the vast majority. Although genes associ-
ated with the LIPI-4 region were frequently detected, the limited 
number of target genes successfully amplified did not allow 
confirmation of the presence of a complete and functional 
LIPI-4 in the studied collection. Previous studies have reported 
the occurrence of intact LIPI-4 in L. innocua, including three 
food-derived isolates harboring the complete cluster [Li M. et 
al., 2021], as well as a high prevalence of the full island among 
36 analyzed strains [Mafuna et al., 2022]. The frequent detec-
tion of licC and glvA suggests enhanced metabolic adaptability 
of the analyzed isolates, particularly in the utilization of spe-
cific carbohydrates. Such capabilities may support persistence 
in food environments, improve competitiveness against other 
microorganisms, and potentially facilitate host colonization. At 
the same time, the widespread presence of these genes cau-
tiously indicates that LIPI-4 related elements may be common 
in L. innocua. However, further investigations are necessary to 
determine the presence of the remaining LIPI-4 genes and to 
clarify the functional significance of the detected determinants.

r	 Hemolysis assay
No hemolytic activity was observed among the analyzed L. in-
nocua isolates, despite the presence of the hly gene in three iso-
lates (205, 214B, and 215), indicating a lack of functional expres-
sion of this virulence determinant under the tested conditions. 
The discordance between the presence of hly and the absence 
of a clear hemolytic phenotype represents a particularly intrigu-
ing finding. Several explanations may account for this observa-
tion, including mutations within the hly coding sequence impair-
ing listeriolysin O functionality, nonsense mutations leading to 
truncated protein products, or alterations within the promoter 
region affecting gene transcription. Additionally, impaired ac-
tivity or mutations in the transcriptional regulator prfA could 
disrupt proper activation of LIPI-1 genes. To clarify the molecular 
basis of this discrepancy, further investigations should include 
sequencing of the hly gene and its regulatory regions, as well 
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information on the genetic background, virulence-associated 
genes, and evolutionary relationships among L. innocua isolates. 
These findings emphasize the importance of including L. innocua 
in food safety monitoring and risk assessment frameworks.
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Antibiotic-associated diarrhea (AAD) is a common adverse reaction primarily caused by gut microbiota dysbiosis. The poly-
saccharides from the Polygonatum sibiricum Red. leaves (PsPs) have been shown to possess gut microbiota-regulating activity. 
However, the efficacy of PsPs in alleviating AAD remains unclear. The purpose of this study was to investigate the efficacy of PsPs 
in alleviating AAD. First, PsPs were obtained by water extraction and ethanol precipitation. Subsequently, in vitro digestion 
and fecal fermentation were performed to evaluate the gastrointestinal stability of PsPs and the production of short-chain 
fatty acids (SCFAs). Thereafter, the AAD mice model was induced by lincomycin hydrochloride. The probiotic effects of PsPs 
were comprehensively analyzed by changes in C57BL/6J mice body weights, colonic histopathology and gut microbiota 
composition. In vitro results revealed that PsPs were resistant to digestive degradation (93.08%–93.34%), effectively reached 
the intestines, and was utilized by the gut microbiota, thereby reducing the proportion of Klebsiella, increasing the relative 
abundance of Bifidobacterium, and significantly increasing the SCFA yields. Animal experiment results show that PsPs intervention 
alleviates diarrhea in AAD mice, restores the damaged intestinal barrier, and reshapes the gut microbiota community, increasing 
the abundance of Blautia and reducing the abundance of Klebsiella. Moreover, PsPs reduced the levels of inflammatory factors 
(MCP-1, LPS, IL-6, TNF-α) in mice. This study demonstrates that PsPs foster prebiotic potential and offer new insights for the de-
velopment of AAD adjunctive intervention strategies based on polysaccharides derived from food and medicine homology.
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INTRODUCTION
Antibiotic-associated diarrhea (AAD) is a common gastrointes-
tinal adverse reaction associated with the clinical use of broad-
spectrum antibiotics, and it is particularly prevalent among pa-
tients receiving antibiotic therapy [Zhang et al., 2022]. AAD not 
merely affects patients’ quality of life and treatment adherence, 

but may lead to complications such as dehydration, electrolyte 
imbalances, and Clostridioides difficile infection [Abad & Safdar, 
2021]. Existing research indicates that the core pathogenesis 
of AAD lies in the “indiscriminate attack” of antibiotics on the gut 
microbiota, leading to an imbalance in the intestinal microecol-
ogy and metabolic dysfunction [Ramirez et al., 2020]. Specifically, 
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the amount of short-chain fatty acids (SCFAs), such as acetic 
and propionic acids, generated by gut microbial fermentation 
of dietary fiber, decreases significantly. Therefore, identifying 
intervention strategies that can effectively modulate the gut 
microbiota and restore SCFA levels is crucial for the prevention 
and treatment of AAD.

The gut microbiota, regarded as the body’s “forgotten organ”, 
serves a key function in preserving the health of the host [Wei et 
al., 2024]. A close metabolic relationship exists between the gut 
microbiota and SCFAs. On the one hand, the gut microbiota 
secretes various carbohydrate-active enzymes to break down di-
etary fiber and polysaccharides, which are difficult for the host to 
digest, into monosaccharides or oligosaccharides, and then con-
verted into SCFAs through metabolic pathways such as glycolysis 
and the pentose phosphate pathway. On the other hand, SCFAs, 
as key metabolic products of the microbiota, reciprocally regulate 
the composition and function of the gut microbiota, forming 
an interactive regulatory network among the microbiota, me-
tabolites, and host [Hays et al., 2024]. SCFAs exert a wide range 
of physiological effects: acetic acid, the most abundant short-
chain fatty acid, regulates fat metabolism and appetite; propionic 
acid contributes to immune regulation and alleviates intestinal 
inflammation; butyric acid serves as the primary energy source 
for intestinal epithelial cells, promotes the expression of tight 
junction proteins, enhances intestinal barrier function, and main-
tains intestinal immune homeostasis. Accordingly, maintaining 
the dynamic balance between the gut microbiota structure 
and SCFAs metabolism is vital for the prevention and treatment 
of intestinal diseases.

In recent years, polysaccharides derived from medicinal 
and edible plants have demonstrated significant potential 
in modulating the gut microbiota due to their favorable safety 
profiles and notable prebiotic activity [Huang et al., 2023; Liu 
et al., 2024; Xu et al., 2023]. These polysaccharides are typically 
resistant to degradation by human digestive enzymes but can be 
selectively utilized by the gut microbiota. Polygonatum sibiricum 
Red., a traditional and valuable edible-medicinal herb in China, 
has been extensively studied; its rhizomes have been shown to 
possess immunomodulatory, anti-inflammatory, and gut micro-
biota-regulating properties, with its polysaccharides considered 
the primary source of these bioactivities [Kuang et al., 2024; Lai 
et al., 2024]. However, during the cultivation and processing 
of Polygonatum, its aerial parts (leaves) are routinely discarded 
as waste, resulting in a significant waste of resources. Phyto-
chemical studies have shown that Polygonatum leaves are also 
rich in polysaccharides, and their polysaccharides composition 
differs from that of the rhizomes, suggesting they may possess 
unique biological activities [Li et al., 2022]. One should note that 
Polygonatum leaves have a history of culinary use in certain folk 
traditions across China; nevertheless, modern pharmacological 
research on them remains insufficient, particularly regarding their 
potential for regulating the gut microbiota and preventing or 
treating intestinal diseases. Given that the gut microbiota serves 

as a key bridge between dietary components and host health, 
studies on its response characteristics and metabolic transfor-
mation patterns regarding the P. sibiricum leaf polysaccharides 
(PsPs) in intestinal diseases are lacking.

Our previous research has shown that PsPs can increase 
the proportion of Firmicutes and reduce the abundance of Bacte-
roidetes in the gut microbiota of healthy mice, while significantly 
increasing SCFAs production [Luo et al., 2022]. These results indi-
cate that PsPs are promising candidates for prebiotic formulation 
development. Building on this, this study further investigates 
the alleviating effects of PsPs on AAD. We first extracted PsPs via 
water extraction and ethanol precipitation, and then evaluated 
their stability in the gastrointestinal environment, as well as their 
effects on microbial community structure and SCFAs production, 
through in vitro simulated digestion and human fecal fermenta-
tion experiments. Thereafter, the PsPs were evaluated for their 
effects on diarrhea symptoms, colonic histopathology and in-
testinal microbiota profile in C57BL/6J mice with AAD induced 
by lincomycin hydrochloride. The purpose of this study was to 
elucidate the beneficial effects of PsPs on AAD, with the goal 
of providing scientific evidence to support the high-value utili-
zation of Polygonatum leaves (a non-traditional medicinal part), 
and offering new insights and experimental support for the de-
velopment of AAD adjunctive intervention strategies based on 
polysaccharides derived from food-medicine dual-use sources.

MATERIALS AND METHODS
r	 Materials and chemicals
Healthy mature P. sibiricum leaves harvested in Chongqing, China. 
Standard SCFAs were purchased from Sigma-Aldrich (Shanghai, 
China). Dextran standards were purchased from Aladdin Bio-
chemical Technology Co., Ltd. (Shanghai, China). The reducing 
sugar assay kit was purchased from Solarbio Technology Co., Ltd. 
(Beijing, China). The total antioxidant capacity assay kit was pur-
chased from Beyotime Biotechnology Co., Ltd. (Shanghai, China). 
The inflammatory cytokine assay kits used to determine mono-
cyte chemoattractant protein-1 (MCP-1), lipopolysaccharide 
(LPS), interleukin-6 (IL-6), and tumor necrosis falpha (TNF-α) were 
purchased from ZCIBIO Technology Co. Ltd. (Shanghai, China). 
Anti-zonula occludens-1 (ZO-1) antibody was purchased from 
Wuhan Servicebio Co., Ltd. (Wuhan, China). The anti-zoocadin-1 
and anti-zoocadin-2 antibodies were supplied by Proteintech 
Group Co., Ltd. (Chicago, IL, USA). The AnaeroPack anaerobic 
culture bags were purchased from Mitsubishi Chemical Analy-
tech Co. Ltd (Tokyo, Japan).

r	 Separation of leaf polysaccharides and their charac
terization 

PsPs were obtained by extracting P. sibiricum leaves with water 
and precipitating with ethanol according to the method de-
scribed in our previous study [Luo et al., 2022]. Crushed leaves 
(2.5 kg) were soaked in water at twice their volume and heat-
ed in a 90°C water bath for 3 h. The extraction was repeated 
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three times. Then anhydrous ethanol at 1.5 volumes of the ex-
traction liquid was added. After 24 h room-temperature stand-
ing, the solution was filtered to obtain crude polysaccharides. 
Afterward, the crude polysaccharides were dissolved in distilled 
water and decolorized by the macroporous resin. The crude 
polysaccharides solution was further purified using diethylam-
inoethyl (DEAE) cellulose, and then dialyzed in a dialysis bag 
(0.5–1.0 kDa) for 72 h. After dialysis, the purified polysaccha-
rides were concentrated and freeze-dried to yield the dry pow-
der. The monosaccharide composition of PsPs was: rhamnose 
(15.4%), arabinose (24%), glucose (8.8%), xylose (40.7%), mannose 
(6.6%), and galacturonic acid (4.5%) [Luo et al., 2022]. The average 
molecular weight of PsPs was determined by high-performance 
gel-permeation chromatography (HPGPC) using an LC-2010 
HPLC system (Shimadzu Corporation, Kyoto, Japan) with re-
fractive index (RI) detector, equipped with a TSK-Gel GMPWXL 
column (7.8×300 mm, particle diameter 13 µm; Thermo Fish-
er Scientific, Waltham, MA, USA). The mobile phase consisted 
of a 0.02 M KH₂PO₄ solution. PsPs solutions (5 mg/mL) were 
filtered through a 0.22 μm filter membrane. Next, 20 μL of the fil-
tered sample were injected into the HPLC column. A standard 
curve was prepared using dextran standards (1, 2, 30, 40, 70, 100, 
and 200 kDa). The average molecular weight of PsPs was calcu-
lated based on the calibration curve plotted using these dextran 
standards. The surface features and microstructure of the PsPs 
were characterized in detail using a SIGMA 300 scanning electron 
microscope (SEM; ZEISS, Oberkochen, Germany). Before analysis, 
the samples were given a gold coating under reduced pressure 
to improve conductivity and imaging quality. SEM photographs 
were taken at ×100 magnification.

r	 In vitro models assessing leaf polysaccharides stability 
and microbial utilization 

The in vitro models assessing PsPs stability and microbial uti-
lization were conducted using modified versions of previous-
ly reported methods [Ma et al., 2025; Zhao et al., 2023]. PsPs 
(10 mg/mL) was dissolved in simulated saliva (primarily including 
NaCl, NaHCO₃, K₂CO₃; pH 6.8). Then equal volumes of simulated 
gastric (primarily including HCl, NaCl, pepsin; pH 1.5) and intes-
tinal fluids (primarily including KH₂PO₄, K₂HPO₄, NaOH; pH 7.8) 
were added, and the mixture was incubated with shaking at 37°C 
to simulate the digestive process. At predetermined time points 
(0, 2 and 5 min) of salivary digestion, as well as 0.5, 1, 2 and 4 h 
of oral-gastric and oral-gastrointestinal digestion respectively, 
samples were collected for testing. The reaction mixture was 
heated in boiling water for 6 min. Heat treatment inactivated 
the digestive enzymes, thereby terminating the digestion. Sub-
sequently, the total antioxidant capacity and reducing sugar 
content of the digested samples were determined employing 
commercial kits (Beyotime Biotechnology Co., Ltd. and Solarbio 
Technology Co., Ltd., respectively) and the microplate reader, 
and the total sugar content was measured using the phenol-
sulfuric acid method with spectrophotometry [Dubois et al., 

1956]. The results of total antioxidant capacity were expressed 
as the amount of the antioxidant Trolox equivalent contained 
in each liter of solution. The results of reducing sugar content 
were expressed as the amount of mass of reducing sugars per 
milliliter of digesta solution. The results of total sugar content 
were expressed as the percentage by PsPs weight (%, w/w).

Fresh fecal samples were collected from three healthy male 
volunteers (aged 20–25 years) who had not taken antibiotics 
in the past three months, and the samples were mixed in equal 
volumes. Phosphate-buffered saline (PBS) was used to prepare 
a 10% (w/v) fecal suspension, which was then centrifuged (4°C, 
908×g, 5 min). The resulting supernatant was blended with 
Luria-Bertani medium (without sugar source) containing PsPs 
(10 mg/mL) at a 1:9 (v/v) ratio to form the PsPs group. The blank 
control group (CN) was prepared in the same proportion without 
the addition of PsPs. The preparations were placed in AnaeroPack 
anaerobic culture bags. Anaerobic fermentation was conducted 
at 37°C for 24 h under conditions where oxygen concentration 
was below 0.1% and carbon dioxide concentration was main-
tained at approximately 10%. Finally, fermentation broths at 0, 
6, 12, and 24 h were collected and centrifuged (4°C, 12,880×g, 
3 min) to separate bacterial pellets from the fermentation su-
pernatant for further microbial community and SCFAs analysis.

r	 Animal experiments
Five‑week‑old male C57BL/6J mice were housed for 7 days 
in a standard facility (12 h light‑dark cycle, 23±0.5°C, relative 
humidity 50±5%) to allow adaptation before the start of gavage 
administration. Thirty-two mice were randomly divided into four 
groups (n=8): AAD group, blank control group (CN), PsPs group, 
and natural recovery group (NR). The experiment involved con-
tinuous gavage for 10 days [Lai et al., 2025]. CN group received 
twice-daily gavage of normal saline for 10 days. Remaining three 
groups were gavaged with 3 g/kg lincomycin hydrochloride daily 
twice for three days to induce AAD. Afterward, the PsPs group 
was gavaged with 300 mg/kg PsPs daily twice a day, and the NR 
group was gavaged daily with normal saline twice a day, for 
7 days. Finally, the cecum, blood, and feces of four groups mice 
were collected for subsequent experimental analysis. All experi-
ments were approved by the Ethics Committee of Southwest 
Medical University (SWMU, Luzhou, China), approval number 
swmu20250266.

r	 16S ribosomal RNA sequencing and bioinformatics 
analysis

DNA extraction was performed on specimens derived from mi-
crobial fermentation and on mouse fecal matter with the QIAamp 
fast DNA stool mini kit (Qiagen, Hilden, NRW, DEU). Genomic 
DNA served as the template for PCR amplification of the 16S 
rRNA V3-V4 region, using the primers 338-F (5’-ACTCCTACGG-
GAGGCAGCAG-3’) and 806-R (5’-GGACTACHVGGGTWTCTAAT-3’) 
[Xu et al., 2016]. And then, the PCR products were subjected to 
high-throughput sequencing at MajorBio Bio-Pharm Technology 
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Co., Ltd. (Shanghai, China). We utilized the MajorBio cloud plat-
form (https://cloud.majorbio.com) to analyze the sequencing 
data. Quality control was performed on the sequencing reads, 
and they were assigned to amplicon sequence variant (ASV) clus-
ters using a 100% similarity threshold. The identified ASVs were 
mapped to the Silva (SSU123) 16S rRNA database using the RDP 
classification algorithm (http://rdp.cme.msu.edu) to analyze 
their taxonomic characteristics. Alpha diversity was calculated 
using the MOTHUR software (version v.1.30.2; Patrick Schloss, Ann 
Arbor, MI, USA). Higher values of abundance-based coverage es-
timator (ACE) indicate greater species diversity, higher Shannon 
indices indicate higher species evenness, and higher Simpson 
indices indicate higher species concentration. A hierarchical 
clustering tree was constructed using the Bray-Curtis index via 
the Qiime2 software (Rob Knight, San Diego, CA, USA), followed 
by principal co-ordinates analysis (PCoA). The raw sequencing 
data and alignment information for the experimental samples are 
stored in the NCBI Sequence Read Archive (accession number: 
PRJNA1419527).

r	 Short-chain fatty acid determination
The SCFA content in the supernatant of the fermentation broth 
was quantified using liquid chromatography–mass spectrometry 
(LC–MS/MS). Sample analysis was performed using an Exion-
LC AD liquid chromatography system coupled with a QTRAP® 
6500+ mass spectrometer (AB Sciex, Framingham, MA, USA). 
The procedure involved injecting 2 μL of the sample onto a BEH 
C18 (150×2.1 mm, 1.7 μm; Waters, Milford, MA, USA) column for 
chromatographic separation, followed by mass spectrometric 
detection. The mobile phase was composed of two solvents: 
A (water with 0.1% formic acid, v/v) and B (acetonitrile with 0.1% 
formic acid, v/v). Separation was achieved within 16 min at 40°C 
and a flow rate of 0.35 mL/min. The SCFAs were identified based 
on standards and literature references, and their content was 
quantified using a standard curve. The results were expressed as 
the mass of SCFA per milliliter of fermentation broth.

r	 Tissue staining and immunofluorescence analysis
After formaldehyde fixation and paraffin embedding, cecal tissue 
sections were deparaffinized in xylene and rehydrated in etha-
nol. To examine histopathological changes, cecal sections were 
stained with hematoxylin and eosin (HE). 

Cecal tissue sections were first fixed with formaldehyde 
and then washed with 100% ethanol. After incubation in a repair 
buffer and blocking with bovine serum albumin, the sections 
were incubated overnight at 4°C with ZO-1 antibody and anti-
occludin-1 antibody. After incubation with Cy3-labeled ZO-1 an-
tibody and FITC-labeled occludin-1 antibody, the sections were 
analyzed using an immunofluorescence microscope (Nikon, 
Tokyo, Japan).

r	 Inflammatory factor measurement
The enzyme-linked immunosorbent assay (ELISA) kit (ZCIBIO Tech-
nology Co. Ltd.) was performed to determine the inflammatory 

cytokines profiles including MCP-1, LPS, IL-6, and TNF-α in mouse 
serum. After blood collection from the mice’s eyes, the samples 
were kept stationary and then centrifuged to separate the super-
natant serum, and the inflammatory factor concentrations were 
measured using the assay kit on the microplate reader (450 nm). 
The results of inflammatory factor concentrations were expressed 
as the amount of inflammatory cytokine per milliliter of serum.

r	 Statistical analysis
Results from in vitro experiments were presented as the mean 
and standard deviation (SD) from three independent exper-
iments. Results from animal experiments were expressed as 
the mean and SD from independent experiments of 8 mice per 
group. GraphPad Prism (v. 10.1.2; GraphPad Software, San Diego, 
CA, USA) and SPSS (v. 26; IBM, Armonk, New York, USA) were em-
ployed for statistical evaluation. Multigroup comparisons of body 
weight, colon length, and cytokine levels in animal experiments 
were performed using one-way analysis of variance (ANOVA). 
The t-test was used to analyze the results from the in vitro fermen-
tation or to compare specific abundances between two groups. 
The α-diversity indices ACE, Shannon index and Simpson index 
were used the Kruskal–Wallis rank-sum test.

RESULTS AND DISCUSSION
r	 Characterization of leaf polysaccharides
The average molecular weight of PsPs was 1.403±0.056×105 Da. 
SEM disclosed the microstructure of PsPs (Figure S1 in Sup-
plementary Materials). PsPs exhibits a flat, smooth, and porous 
lamellar morphology, which may allow it to be more effectively 
decomposed and utilized by the gut microbiota.

r	 In vitro simulated digestion of leaf polysaccharides
As displayed in Table 1, the total sugar content of PsPs did not un-
dergo significant changes (p≥0.05) during the simulated digestion 
period, indicating that PsPs remained largely stable and was not 
extensively degraded under the simulated digestive conditions. 
The reducing sugar content of PsPs increased sharply upon initial 
contact with gastric digestive fluid and then gradually decreased 
(Table 1). The increase was likely due to the highly acidic envi-
ronment of gastric fluid breaking some of the glycosidic bonds 
in PsPs, thus exposing more reducing ends on the sugar chains. 
This result is consistent with findings in the literature indicating 
that gastric stimulation affects reducing sugar content [Wu et al., 
2021]. In Table 1, the total antioxidant capacity of PsPs gradually 
decreases during digestion until it tends to stabilize. 

r	 In vitro simulated fermentation of leaf polysaccharides
The changes in total antioxidant capacity during the PsPs fermen-
tation period are shown in Table 2. No significant (p≥0.05) changes 
were observed during the first 6 h, followed by a continuous, 
significant (p<0.05) decrease. Results in Table 2 show that the re-
ducing sugar content in PsPs did not change significantly (p≥0.05) 
during the first 6 h of fermentation but began to decrease mark-
edly at 12 h. This could be attributed to the ongoing fermentation, 

https://cloud.majorbio.com
http://rdp.cme.msu.edu
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during which the sugar chains were further degraded for microbial 
consumption, leading to a decrease of reducing sugar content 
in the later fermentation phases. The above results indicate that 
PsPs may be utilized by microbial communities during the middle 
to late stages of in vitro fermentation.

The pH of the fermentation broth was recorded at specific 
time points (Figure 1A). In the unfermented state, no significant 
(p≥0.05) difference was observed between the PsPs and the CN 
group. During fermentation, the pH of the PsPs decreased at 
faster rates than the CN group. 

As metabolic byproducts of bacterial fermentation, SCFAs 
play an essential role in maintaining gut homeostasis and en-
hancing intestinal barrier function. After 24 h fermentation, 
the total SCFA level in the PsPs group (131±3 µg/mL) was sig-
nificantly (p<0.05) higher than in the CN group (86.4±2.1 µg/mL). 
In addition, the content of both main compounds in the SCFA 
profile, i.e., acetic acid and propionic acid ,was substantially 
higher in the PsPs than in the CN group (Figure 1B). The elevated 
levels of acetic acid and propionic acid in the PsPs group were 
in line with our previous research findings in healthy mice [Luo 
et al., 2022]. 

Microbial dynamics in the gut play pivotal roles in regulating 
host immunity and metabolic health. Figure S2 in Supplemen-
tary Materials illustrate changes in the α-diversity of microbial 
communities in mixed fecal fermentation broth following 24 h 
fermentation, compared to broth supplemented with PsPs. 
After PsPs addition, the ACE showed no significant (p≥0.05) 
change, while the Shannon index increased, and the Simpson 
index decreased significantly (p<0.05). This indicates that suffi-
cient sample data has been obtained for subsequent analysis. 
The sample-level hierarchical clustering tree constructed based 
on ASV levels (Figure S3A in Supplementary Materials) reveals 
significant intragroup similarities and intergroup differences 
in microbial community composition between the PsPs and CN 
groups. The microbial community composition of PsPs and CN 
at the phylum and genus levels are represented in Figures S3B 
and C in Supplementary Materials. Comparative analysis of fer-
mentation results between the two sample groups at the phylum 
level (Figure 1C) demonstrates that PsPs significantly suppressed 
the Pseudomonadota proportion while significantly increasing 
the abundance of Bacillota, implying that PsPs have the po-
tency to regulate gut microbiota dysbiosis [Voermans et al., 
2025]. PsPs also significantly enhanced the relative abundance 
of Bacteroidota, and the increase in both Bacteroidota and SC-
FAs suggests that PsPs may be beneficial for treating dysbiosis 
[Yu et al., 2023]. At the genus level (Figure 1D), PsPs reduced 
the abundance of Klebsiella and Escherichia-Shigella, implying its 
potential to relieve AAD [Li et al., 2023]. It is worth noting that PsPs 
have a significant promoting effect on Bifidobacterium, which 
may make them particularly effective in maintaining gut health 
and mitigating diarrhea symptoms [Hempel et al., 2012]. Overall, 
PsPs possess prebiotic properties and may provide relief for AAD.

Interestingly, previous studies have shown that PsPs may con-
tain β-glycosidic bonds and branched structures, which protect 
against degradation by host digestive enzymes while still allow-
ing microbial carbohydrate-active enzymes (CAZymes) to break 

Table 1. Total sugar content, reducing sugar content, and total antioxidant 
capacity during in vitro digestion of Polygonatum sibiricum Red. leaf 
polysaccharides (PsPs).

Digestion stage
Total sugar 

content 
(%, w/w)

Reducing 
sugar 

content 
(mg/mL 
digesta 

solution)

Total 
antioxidant 

capacity 
(mmol TE/L 

digesta 
solution)

Undigested 93.08±0.98a

Oral digestion 92.82±1.10a

0 min 0.30±0.01f 0.66±0.02a

2 min 0.30±0.02f 0.58±0.01b

5 min 0.33±0.03f 0.56±0.02b

Oral-gastric digestion 94.81±0.92a

0.5 h 1.19±0.09e 0.48±0.02c

1 h 1.83±0.07a 0.34±0.02d

2 h 1.53±0.04ab 0.31±0.02de

4 h 1.49±0.03abc 0.26±0.00ef

Oral-gastrointestinal 
digestion

93.34±0.70a

0.5 h 1.44±0.08abc 0.25±0.01fg

1 h 1.39±0.01bc 0.24±0.00fg

2 h 1.34±0.02c 0.26±0.02fg

4 h 1.29±0.01d 0.20±0.01g

Data are mean ± standard deviation (n=3). Letter symbols: when the superscript letters 
are completely different in each column, a significant difference is indicated (p<0.05). 
TE, Trolox equivalent.

Table 2. Total antioxidant capacity and reducing sugar content of broths during in vitro fermentation of Polygonatum sibiricum Red. leaf polysaccharides (PsPs).

Parameter 0 h 6 h 12 h 24 h

Total antioxidant capacity (mmol TE/L) 0.78±0.04a 0.76±0.02a 0.67±0.02b 0.60±0.01c

Reducing sugar content (mg/mL) 0.70±0.04a 0.88±0.10a 0.43±0.07b 0.30±0.02b

Data are mean ± standard deviation (n=3). Letter symbols: when the superscript letters are completely different in each row, a significant difference is indicated (p<0.05). TE, Trolox equivalent.
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down [Guan et al., 2026; Subhash et al., 2026]. The interactions 
among polysaccharide structure, gut microbiota metabolism, 
and host health are increasingly recognized as the fundamental 
mechanisms underlying the regulatory effects of polysaccharide 
prebiotics. Moreover, differences in monosaccharide composi-
tion and glycosidic bond configuration determine the selective 

fermentation patterns and subsequent metabolic outcomes 
[Zhang et al., 2026]. The selective promotion of specific bacte-
rial groups by PsPs may be related to the action of CAZymes, 
which are the primary enzymatic systems responsible for pol-
ysaccharide degradation in the gut microbiota. Glycosidase 
hydrolases (GHs) and polysaccharide lyases are organized into 
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The arrow in the HE–stained images of cecal tissues of the AAD 
mice (Figure 2A) shows substantial inflammatory cell infiltra-
tion, verifying successful model development. In addition, the NR 
group exhibited more mucus accumulation compared to the PsPs 
and CN groups, implying that PsPs may possess certain restorative 
activity against intestinal pathology. The histological differences 
between the PsPs group and the NR group have potential biologi-
cal significance, as natural recovery following antibiotic suspension 
may be insufficient to rapidly rehabilitate mucosal metabolism. 
Given that intestinal barrier dysfunction and LPS derived from 
the microbiota can exacerbate systemic inflammation [Di Vincenzo 
et al., 2024], the attenuated inflammatory infiltration observed 
in the PsPs group supports a mechanism involving the microbiota-
barrier-inflammation axis, not simply a cessation of diarrhea.

Tight junction proteins are vital for maintaining the integrity 
of the intestinal barrier. The impact of PsPs on tight junction 
proteins was investigated through immunofluorescence analysis 
(Figure 2B). Images with higher brightness indicate relatively 
stronger expression levels of the relevant indexes. Compared 
with the AAD and NR groups, PsPs could upregulate the expres-
sion of ZO-1 in the intestine, rendering the expression profile 
closer to the CN group. This demonstrates that PsPs have the ca-
pacity to strengthen intestinal barrier functions. It is possible 
that this is related to the microbial fermentation driven by PsPs.

r	 Effects of leaf polysaccharides on the gut microbiota 
of mice

The relative abundance and diversity of species in the experi-
mental groups were analyzed with α-diversity statistics. As evi-
denced in Figure S5 in Supplementary Materials, there were 
statistical differences in the ACE, Shannon, and Simpson indexes 
across the four groups, reflecting alterations in the richness 
and evenness of the gut microbiota in mice following PsPs gav-
age. PCoA based on ASV levels demonstrated tight clustering 
of individuals within each group, with significant differences 
observed in the CN and AAD groups compared to the PsPs 
or NR groups (Figure 3A), as well as distinct separations be-
tween the PsPs and NR groups (Figure 3B). These results suggest 
that the microbial community composition in the PsPs and NR 
groups has undergone considerable modification compared to 
the CN and AAD groups, and furthermore, the microbial structure 
of the PsPs group differed significantly from the NR group. Moreo-
ver, compared with the AAD group, the PsPs group showed 
significant improvements in microbial richness and evenness. 

Figure S6 in Supplementary Materials showcase the compo-
sitional differences in the gut microbiota across the four groups 
at the phylum and genus levels. As shown in Figure 4A–C, 
PsPs notably suppressed Klebsiella abundance compared to 
the NR; this is likely the primary factor contributing to AAD 
alleviation. However, in contrast to the outcomes of in vitro 
fermentation experiments, PsPs did not display an inhibitory 
effect on the proportion of Escherichia-Shigella in AAD animal 
experiments. It is particularly noteworthy that the Blautia content 

polysaccharide utilization loci, enabling gut bacteria to recog-
nize, bind, uptake, and degrade complex polysaccharides [Qu et 
al., 2025]. The Bifidobacterium enrichment observed during PsPs 
fermentation is consistent with the characteristic of this genus, 
possessing multiple CAZymes specialized for the degradation 
of plant-derived polysaccharides [Pokusaeva et al., 2011]. In detail, 
the Bifidobacterium possesses numerous glycoside hydrolase 
(GH) families targeting arabinoxylans and xylans, enabling it to 
efficiently ferment arabinoxylans and xylans commonly found 
in plants. Therefore, the significant proliferation effect of Bifido-
bacterium in PsPs likely reflects the metabolic specialization of Bi-
fidobacterium in utilizing the structure of these polysaccharides, 
which are rich in arabinose and xylose. The monosaccharide 
composition of PsPs may partially explain these fermentation 
changes. Previous research indicates that the monosaccharide 
composition of dietary fiber influences gut microbiota com-
position and fermentation products, and that arabinose oligo-
saccharide structures selectively stimulate beneficial bacteria 
such as Bifidobacterium [Jensen et al., 2024; Leschonski et al., 
2024]. Therefore, the increase in Bifidobacterium and SCFAs may 
be related to the high levels of xylose and arabinose in PsPs. 
Furthermore, the presence of minute amounts of galacturonic 
acid and rhamnose residues may imply the presence of pectin 
domains, as fermentation of these domains by intestinal pectin-
degrading bacteria would yield acetate and propionate [Yüksel 
et al., 2025].

r	 Effects of leaf polysaccharides on mice
After successfully inducing the AAD model in mice, the mice 
were gavaged with PsPs or a normal saline solution for 7 days. 
During the gavage period, weights of mice in the AAD and NR 
groups decreased significantly, whereas in the PsPs group, 
weights gradually recovered nearing those of the CN group 
(Figure S4A in Supplementary Materials). Mice in the CN group 
showed positive behavioral responses, while the mice from 
the AAD and NR groups experienced evident diarrhea; in con-
trast, diarrhea symptoms were distinctly alleviated in the PsPs 
group. This demonstrates that PsPs has an ameliorative effect 
on AAD in mice. The colon lengths of the four groups of mice 
were compared (Figure S4B in Supplementary Materials). In 
AAD and NR groups, the colons were statistically shorter than 
in both the CN and PsPs groups, while no significant differ-
ence was detected between the CN and PsPs groups. This 
confirms successful modeling of AAD. These recovery patterns 
are similar to findings from natural polysaccharide studies, 
which suggest that they may alleviate AAD by restoring mi-
crobial fermentation, improving epithelial repair, and limiting 
inflammatory damage [Lai et al., 2025; Xu et al., 2023]. From 
a mechanistic perspective, the improvement in body weight, 
diarrhea symptoms, and colon length demonstrates that PsPs 
likely accelerate symptom recovery and may also promote 
the restoration of mucosal homeostasis following antibiotic- 
-induced ecological disruption.
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was significantly higher in the PsPs group than in the CN group, 
which may be the major factor facilitating the recovery of cecal 
tissue in the PsPs group. Blautia is a probiotic that helps balance 
host health [Liu et al., 2021]. Blautia stimulates immune regula-
tion, and increased concentrations are often accompanied with 
higher acetate production, which is supported by findings from 
in vitro fermentation experiments on augmented SCFA yields 
[Ye et al., 2023]. And compared to the CN group, the richness 
of Akkermansia was also substantially higher in the PsPs group, 
which may be another important way PsPs supports gut well-
ness. These results all demonstrate that PsPs can alleviate AAD 
and confer prebiotic benefits. In the context of AAD, the selective 
inhibition of Klebsiella is particularly important, as antibiotic pres-
sure often promotes the proliferation of facultative anaerobes 
and Enterobacteriaceae. This increases the endotoxin burden 
and exacerbates epithelial inflammation. Therefore, the dimin-
ished Klebsiella levels in the PsPs group suggest that PsPs may 

have attenuated the inflammation-driving response triggered 
by pathogen-associated microbiota. The enrichment of Blautia 
may promote epithelial repair through acetic acid production 
and mucus maintenance, which aligns with reports that SCFAs 
sourced from Blautia support colonic mucus function [Holmberg 
et al., 2024]. The increase in Akkermansia is also noteworthy, as this 
mucus-associated bacterium is involved in mucus layer renewal 
as well as host metabolic and immune homeostasis [Ioannou et 
al., 2025]. Remarkably, because the initial microbial communities 
in the feces of healthy humans differ from those in mouse feces, 
this complex ecosystem has prevented the inhibitory effect 
of PsPs on microbial communities observed through in vitro 
fermentation, which was not fully reproduced in the disease 
mouse model. Similar observation has also been made in our 
previous research [Ma et al., 2025]. Although some microbial 
changes in the PsPs group tended toward the NR group, they also 
exhibited distinct differences in overall microbiota composition 

Figure 2. (A) Images of hematoxylin and eosin (HE) stained mice cecum (×40 and ×200). (B) Immunofluorescence microscope images of the mice cecum, with 
brighter fluorescence indicating higher expression levels. AAD, antibiotic-associated diarrhea group; CN, blank control group; PsPs, Polygonatum sibiricum Red. 
leaf polysaccharides group; NR, natural recovery group.
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in the PCoA, suggesting that PsPs administration in mice might 
not only promote recovery but also increase the proportion 
of certain beneficial bacteria compared to natural recovery. 
Taken together, the in vivo microbial profile suggests PsPs may 
shift the post-antibiotic ecosystem from a state dominated by 
pathogenic commensals to a microbiota that supports metabo-
lism and barrier function.

r	 Effects of leaf polysaccharides on serum cytokine 
levels

Inflammatory cytokine levels are closely associated with disease 
development. Changes in serum cytokine levels in AAD mice 
after PsPs gavage intervention are shown in Table 3. The con-
centrations of MCP-1, LPS, IL-6, and TNF-α in the PsPs group were 
significantly lower than in the AAD and NR group, and there was 
no obvious difference in the levels of MCP-1, IL-6, and TNF-α 
between the PsPs and CN group. MCP-1 is intimately connected 
with numerous inflammatory diseases [Singh et al., 2021]. Raised 
MCP-1 expression in the AAD group signifies successful model 
induction, while MCP-1 in PsPs declines to near the CN group 
level, reflecting an effective attenuation of the inflammatory 
response triggered by AAD. The elevation of LPS is related to gut 
microbiota dysbiosis and intestinal barrier dysfunction [Di Vin-
cenzo et al., 2024]. Compared to the AAD and NR group, the LPS 
contents in the PsPs group were considerably lower, which may 
be attributed to the fact that PsPs could modulate the microbiota 
composition and enhance the ZO-1 expression of the intestinal 
barrier. Overall, the reduction in cytokine levels demonstrates 
that PsPs possess pronounced anti-inflammatory activity in vivo 
and can mitigate the inflammatory reaction elicited by AAD. 

Notably, these responses may be linked to previously observed 
modifications in gut flora, hinting that PsPs may exercise its im-
munomodulatory function via the gut-immune axis [Dinakis et al., 
2024]. Decreases in MCP-1 levels indicate reduced chemotactic 
recruitment of monocytes and macrophages, while decreased 
levels of IL-6 and TNF-α suggest that pro-inflammatory cascades 
are restrained. Considering the reduced LPS levels and the resto-
ration of ZO-1 staining, these data suggest that PsPs may alleviate 
systemic inflammation by limiting the transport of endotoxins 
through the diseased intestinal barrier.

These findings also support the potential of PsPs for appli-
cation in animal nutrition. In poultry, the addition of P. sibiricum 
polysaccharides to feed enhances growth performance, anti-
oxidant capacity, intestinal structure, and the gut microbiota 
[Yang et al., 2024]. Therefore, PsPs also hold promise as a low-
cost prebiotic feed ingredient; however, their dosage, safety, 
palatability, and cost-effectiveness for different species require 
further validation. Nevertheless, this study has certain limitations, 
such as the use of only 16S rRNA sequencing and the absence 
of experiments with positive controls. In addition to the per-
spective of feed composition, future research should transi-
tion from static endpoint observations to dynamic intestinal 
physiological models. “Gut-on-a-chip” platforms can replicate 
luminal flow, shear stress, mucus secretion, the epithelium-en-
dothelium compartment, immune cell interactions, and peristal-
tic-like mechanical signals, thereby establishing a controllable 
bridge between anaerobic fermentation and animal models 
[Taavitsainen et al., 2024]. A recent platform integrating human 
fecal microbiota and peristaltic-like movements reveals that 
multi-omics readouts can be used to replicate and monitor 
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host-microbiome interactions and barrier responses [Ballerini et 
al., 2025]. For PsPs, such systems will enable real-time assessment 
of changes in mucus kinetics, cytokine release, and microbial 
metabolites under antibiotic interference and PsPs intervention. 
In parallel, complementary multi-omics analyses will provide 
further insight into the mechanisms underlying the detected 
16S rRNA changes. Broad-range metagenomics will determine 
whether the increase in Blautia and Akkermansia is accompa-
nied by enrichment of CAZymes and SCFAs synthesis pathways, 
or depletion of the pathogenic bacterium Klebsiella. Targeted 
and untargeted metabolomics can link microbiome changes 
to SCFAs and inflammatory lipid mediators, while metabolome-
transcriptomics or metabolic modeling can reveal whether these 
pathways are transcriptionally active [Dell’Olio et al., 2024; Go et 
al., 2024]. This strategy helps distinguish taxa solely associated 
with recovery from microbial functions that may mediate barrier 
repair and anti-inflammatory effects.

CONCLUSIONS
This study investigated the alleviating effects of PsPs on AAD 
mice model and its potential mechanisms. PsPs exhibits gastro-
intestinal stability in vitro, enables utilization by gut microbiota, 
promotes the generation of SCFAs through fermentation, and re-
shapes the microbial community by reducing conditionally path-
ogenic and disease-causing bacterial genera (such as Klebsiella 
and Escherichia-Shigella) in vitro, while increasing beneficial or 
barrier-associated taxa (including Blautia and Akkermansia) 
in vivo. In mouse models, PsPs alleviated diarrhea-related pheno-
types, improved colonic length and cecal histological structure, 
enhanced ZO-1 expression, and reduced serum levels of MCP-1, 
LPS, IL-6, and TNF-α. Conclusively, we hypothesize that PsPs may 
alleviate AAD by modulating the gut microbiota – SCFAs – bar-
rier – inflammation axis, wherein the restoration of microbial fer-
mentation function and the suppression of pathogen-associated 
endotoxin stress jointly promote epithelial repair and immune 
rebalancing. This work provides scientific evidence for the high-
value utilization of the non-traditional application part of Po-
lygonatum leaves, and offers new insights toward developing 
applications of polysaccharides derived from food and medicine 
homology in the fields of functional foods and pharmaceuticals.
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SUPPLEMENTARY MATERIALS
The following are available online at  https://journal.pan.
olsztyn.pl/Prebiotic-Potential-of-Polygonatum-sibiri-
cum-Red-Leaf-Polysaccharides-in-Regulating,226183,0,2.
html; Figure S1. Scanning electron microscope (SEM) imag-
es of Polygonatum sibiricum Red. leaf polysaccharides (×100). 
Figure S2. In vitro fermentation of PsPs. (A) Abundance-based 
coverage estimator (ACE). (B) Shannon index. (C) Simpson index. 
ASV, amplicon sequence variant; CN, blank control group; PsPs, 
Polygonatum sibiricum Red. Leaf polysaccharides group. * indi-
cates statistical significance at p<0.05. Figure S3. In vitro fermen-
tation of PsPs. (A) Hierarchical clustering tree of CN and PsPs. (B) 
and (C) Composition of gut microbiota at the phylum and genus 
level, respectively. CN, blank control group; PsPs, Polygonatum 
sibiricum Red. leaf polysaccharides group. Figure S4. The effect 
PsPs on (A) body weight and (B) colon length in mice. AAD, 
antibiotic-associated diarrhea group; CN, blank control group; 
PsPs, Polygonatum sibiricum Red. leaf polysaccharides group; NR, 
natural recovery group. *, ***, and **** indicate statistical signifi-
cance at p<0.05, p<0.001, and p<0.0001, respectively. Figure S5. 
The effect of PsPs on mice gut microbiota. (A) Abundance-based 
coverage estimator. (B) Shannon index. (C) Simpson index. AAD, 
antibiotic-associated diarrhea group; CN, blank control group; 
PsPs, Polygonatum sibiricum Red. leaf polysaccharides group; 

Table 3. Serum cytokine levels in mice from experimental groups.

Cytokine AAD CN PsPs NR

MCP-1 (pg/mL) 39.6±5.9a 25.4±2.8b 28.6±1.2b 37.6±5.2a

LPS (EU/L) 37.8±3.0a 20.3±1.5d 25.2±2.0c 32.1±2.5b

IL-6 (pg/mL) 257.6±22.9a 200.1±16.0c 201.0±13.7c 230.7±17.7b

TNF-α (pg/mL) 689.5±63.4a 500.4±36.9c 527.7±35.1c 619.6±42.8b

Data are mean ± standard deviation (n=8). Letter symbols: when the superscript letters in each column are completely different, a significant difference is indicated (p<0.05). MCP-1, 
monocyte chemoattractant protein-1; LPS, lipopolysaccharide; IL-6, interleukin-6; TNF-α, tumor necrosis factor-alpha; AAD, antibiotic-associated diarrhea group; CN, blank control group; 
PsPs, Polygonatum sibiricum Red. leaf polysaccharides group; NR, natural recovery group.

https://journal.pan.olsztyn.pl/Prebiotic-Potential-of-Polygonatum-sibiricum-Red-Leaf-Polysaccharides-in-Regulating,226183,0,2.html
https://journal.pan.olsztyn.pl/Prebiotic-Potential-of-Polygonatum-sibiricum-Red-Leaf-Polysaccharides-in-Regulating,226183,0,2.html
https://journal.pan.olsztyn.pl/Prebiotic-Potential-of-Polygonatum-sibiricum-Red-Leaf-Polysaccharides-in-Regulating,226183,0,2.html
https://journal.pan.olsztyn.pl/Prebiotic-Potential-of-Polygonatum-sibiricum-Red-Leaf-Polysaccharides-in-Regulating,226183,0,2.html
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NR, natural recovery group. *** indicate statistical significance 
at p<0.001. Figure S6. The effect of PsPs on mice gut microbi-
ota. (A) and (B) Composition of gut microbiota at the phylum 
and genus level, respectively. AAD, antibiotic-associated diarrhea 
group; CN, blank control group; PsPs, Polygonatum sibiricum Red. 
leaf polysaccharides group; NR, natural recovery group.
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Germination is a promising strategy to enhance bioactive compound content, particularly γ-aminobutyric acid (GABA) in red 
rice. However, conventional soaking germination methods are associated with high water consumption and microbial pro-
liferation. This study evaluated the use of a partially circulated germinator with integrated microfiltration and ultraviolet (UV) 
treatment to process red rice for GABA accumulation while monitoring microbial dynamics. Red rice was germinated for 24, 
48, and 72 h under UV and non-UV conditions, with water circulation applied at 90 min intervals for 5 min, and subsequently 
evaluated for pH, germination performance parameters, GABA content, and microbial quality. Microbial community diversity 
was characterized in one selected sample using next-generation sequencing (NGS). The results showed that the germinator 
effectively maintained water pH, mitigated drastic acidification commonly observed in static soaking systems. GABA content 
increased significantly with germination time, reaching maximum values at 48 h in both systems. Moreover, UV treatment 
resulted in higher GABA levels at 24 h. Total plate counts in circulation water exceeded 4 log CFU/mL, while reached 9.44 log 
CFU/g in dried germinated rice. UV treatment of the circulating water successfully reduced microbial load at 24 h germination 
time. Metagenomic profiling of freshly germinated red rice under non-UV treatment at 48 h revealed dominance of Phytobacter 
and Enterobacter, linked to seedling growth promotion, followed by Cronobacter spp., which presence suggested potential 
safety considerations. The findings demonstrate that partial circulation effectively enhances the functional value of red rice 
with reduced water consumption, offering a more environmentally sustainable alternative to conventional soaking methods.
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INTRODUCTION 
Red rice is recognized as a nutrient-rich cereal with bioactive 
compounds including phenolic acids, flavonoids, and proantho-
cyanidins [Rodrigues et al., 2024]. These compounds are associ-
ated with antioxidant activity, metabolic regulation, and cancer 

prevention, making red rice a promising ingredient of functional 
foods [Baptista et al., 2024; Chen et al., 2025]. Similar to other 
unpolished rice, red rice is generally less preferred by consum-
ers due to its relatively firm texture and the presence of hay- 
-like notes, which are often regarded as undesirable sensory 
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characteristics [Munarko et al., 2025]. Germination has been 
widely applied as an effective strategy to enhance both the eat-
ing quality and bioactive profile of rice [Jiamyangyuen & Ooraikul, 
2007; Wang et al., 2016]. Among these bioactive compounds, 
γ-aminobutyric acid (GABA) has attracted particular attention 
due to its physiological roles in blood pressure regulations, stress 
modulation, and potential gut-brain axis interactions [Liwinski 
et al., 2023]. However, native GABA levels in ungerminated rice 
are relatively low, limiting its functional potential. 

Germination has been widely applied as a bioprocessing 
strategy to enhance GABA accumulation in rice. Conventional 
germination methods generally involve full soaking of rice until 
coleoptile emergence or partial soaking followed by incuba-
tion under humid conditions [Munarko et al., 2021]. Although 
these approaches effectively enhance GABA content, they have 
drawbacks due to the need for frequent water replacement 
every 3–6 h to prevent microbial spoilage, resulting in high water 
consumption and wastewater generation. Membrane bioreac-
tor systems have been proposed as an alternative, allowing 
water recirculation through microfiltration membranes during 
germination without replacement. This approach maintains 
soaking water quality and yields germinated rice with higher 
GABA content and antioxidant activity compared to manual 
soaking [Sitanggang et al., 2021]. However, continuous immer-
sion may promote leaching of soluble bioactive compounds 
and does not fully eliminate microbial growth, particularly when 
microorganisms can pass through membrane pores or persist 
on seed surfaces [Gaveau et al., 2017]. Previous studies have also 
indicated that partial soaking combined with incubation under 
atmospheric conditions resulted in higher GABA accumulation 
than full immersion, suggesting that prolonged water contact 
may negatively affect bioactive retention [Munarko et al., 2021]. 
Therefore, alternative germination configurations that balance 
hydration, bioactive retention, and microbial control are required.

A partially circulated germination system represents a modifi-
cation of conventional soaking, combining periodic water spray-
ing with recirculation through a filtration unit [Chungcharoen et 
al., 2024]. This configuration aims to maintain seed imbibition 
under controlled moisture conditions while reducing prolonged 
water contact and minimizing bioactive loss. Nevertheless, mi-
crobial proliferation during germination remains a critical issue, as 
the warm and humid environment favors rapid bacterial growth 
[Chen et al., 2024]. Ultraviolet (UV) irradiation has been widely 
applied in water treatment systems due to its chemical-free mi-
crobial inactivation capability [Kumar et al., 2025]. Integrating UV 
treatment within a recirculated germination system may provide 
an additional hurdle for microbial growth, although, its effective-
ness in the system containing an organic load and suspended 
particles remains uncertain [Nooshabadi & Hashemi, 2024].

In addition to microbial enumeration, understanding 
the composition of microbial communities during germination 
is increasingly important. Seed-associated endophytes and en-
vironmental bacterial can influence both seedling develop-
ment and product safety [Chen et al., 2024]. High-throughput 

sequencing approaches provide an opportunity to characterize 
microbial dynamics beyond conventional culture-dependent 
methods, enabling more comprehensive microbiological food 
safety risk assessment [Nanfack et al., 2024].

Despite advances in germination technology, limited in-
formation is available regarding the integration of partial water 
circulation and UV-assisted recirculation, as well as their effects 
on GABA content and microbial community composition dur-
ing red rice germination. Therefore, the present study aimed to 
evaluate the effects of germination time and UV treatment within 
a partially circulated germination system on GABA accumulation, 
microbial load, and bacterial community composition in red 
rice. The findings are expected to provide insight into sustain-
able germination design and microbial risk consideration for 
functional rice production. 

MATERIALS AND METHODS
r	 Materials
Commercial organic red rice (var. A3) was purchased from PT. 
Sirtanio Organik Indonesia (Banyuwangi, East Java, Indonesia). 
Sodium hypochlorite (NaOCl) was obtained from Onemed (Si-
doarjo, Indonesia). Sodium chloride (NaCl), plate count agar 
(PCA), and de Man, Rogosa and Sharpe agar (MRSA) were pur-
chased from HiMedia (Thane, India), while calcium carbonate 
(CaCO₃), hydrogen peroxide (H₂O₂), trichloroacetic acid (TCA, 
10%), and α-aminobutyric acid (AABA) standard were from Merck 
(Darmstadt, Germany). Additional reagents included AccQ•Tag 
reagent kit (Waters Corporation, Milford, MA, USA), Quick-DNA 
Magbead Plus Kit (Zymo Research Corporation, Irvine, CA, USA), 
and KOD Multi & Epi (Toyobo, Osaka, Japan).

r	 Design of germinator
The schematic design of the partially circulated germinator 
is shown in Figure 1. The system consisted of two poly(me-
thyl methacrylate) containers: container 1 (bottom) (4) serving 
as the spent water reservoir equipped with a pH sensor (2), 
and container 2 (top) (10) for germination, with a temperature 
sensor (3) and water sprayer (9). Water from container 1 was 
circulated by a direct current (DC) pump (HIU, China) (5) through 
a polypropylene microfiltration membrane (Nanotec, Cikarang, 
Indonesia) (6) with or without using a UV-C lamp (MILE, Indone-
sia) (7) and sprayed onto rice samples in container 2 via a ¼-inch 
(0.635 cm) hose (8). The UV-C lamp used had a length of 35 cm, 
a power of 16 W, and operated at a flow capacity of 15 L/min. 
The sprayed water then returned by gravity through a valve to 
container 1 for recirculation. Circulation intervals and durations 
were regulated using an automatic timer switch (Vetto, Tange-
rang, Indonesia). Real-time monitoring of pH and temperature 
was carried out using an Adafruit IoT system (Adafruit Industries, 
LLC, New York, NY, USA).

r	 Germination procedure
Red rice grains were surface-sterilized with 0.1% (v/v) sodium 
hypochlorite for 30 min, rinsed thoroughly with tap water, 
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and placed in the germinator. Germination was performed at 
room temperature (±30°C) with water circulation every 90 min 
for 5 min. For UV treatments, a UV lamp was installed after 
the filtration unit, while in the non-UV condition, the lamp was 
removed and replaced by a hose. pH values and temperatures 
were continuously recorded in real time during germination. 
Data were logged at 5-min intervals. Germination was carried 
out for 24, 48, and 72 h. At each time point, samples of circula-
tion water were collected for analysis of total lactic acid bacteria 
(LAB) count and total plate count (TPC), while fresh germinated 
rice samples were tested for germination percentage, sprout 
length, and LAB count. After germination, rice samples were 
dried in a dehydrator at 45°C for 2 h, ground to 80 mesh, 
and analyzed for GABA content and TPC. The treatment yielding 
the highest GABA content was further subjected to microbial 
diversity analysis.

r	 Analysis of germination performance parameters  
Germination rate was determined by counting the number 
of germinated grains among ~50 randomly selected seeds per 
treatment, expressed as a percentage of the total seeds. Sprout 
length (shoot and radicle) was measured from 25 randomly 
selected germinated seeds per treatment using a digital caliper 
(Ningbo Deli Tools Co., Ltd, Hangzhou, Zhejiang, China).

r	 Determination of γ-aminobutyric acid content
GABA content was determined following the method described 
by Rohman & Gandjar [2007] with modifications. Briefly, 0.1 g 
of rice flour was hydrolyzed with 5 mL of 6 M HCl at 110°C for 22 h, 
diluted to 50 mL with distilled water, and filtered (0.45 µm mem-
brane). Filtrates (500 µL) were mixed with 40 µL of α-aminobutyric 
acid (AABA, internal standard) and 460 µL of ultrapure water. 
Derivatization was carried out by mixing 10 µL of the sample 
with 70 µL of AccQ•Tag fluor borate buffer and 20 µL of AccQ•Tag 
reagent, followed by incubation at 50°C for 10 min. The derivat-
ized samples were injected (1 µL) into an ultra-performance 

liquid chromatography (UPLC) system equipped with a C18 
ODS column and a photodiode array detector set at 260 nm. 
Gradient elution was performed using eluent A (AccQ•Tag Ultra 
Eluent A, 100%) and eluent B (AccQ•Tag Ultra Eluent B and water, 
10:90, v/v). The GABA concentration in the samples was quanti-
fied based on the peak area ratio of the analyte to the internal 
standard. Results were expressed in g per 100 g of dried rice.

r	 Total microbial count analysis
The total microbial load was determined following the United 
States Food and Drug Administration (FDA) Bacteriological Ana-
lytical Manual (BAM) method [Maturin & Peeler, 2001]. One gram 
of rice flour or one mL of circulation water was suspended 
in 9 mL of a sterile NaCl solution and serially diluted up to 10–⁵. 
Aliquots (1 mL) of each dilution were plated on the plate count 
agar in triplicate and incubated at 37°C for 24 h. Plates with 
25–250 colonies were selected for enumeration, and results 
were expressed as log CFU/g for rice samples and log CFU/mL 
for water samples using the standard BAM formula.

r	 Total lactic acid bacteria count analysis
Total LAB count analysis was conducted following BAM proto-
col with modification [Kurnianto et al., 2025; Maturin & Peeler, 
2001]. One gram of fresh germinated rice or one mL of circula-
tion water was diluted in 9 mL of a sterile NaCl solution, serially 
diluted to 10–⁵, and plated on MRSA. Plates were incubated at 
37°C for 48 h, and colonies were counted on plates containing 
25–250 colonies. Results were expressed as log CFU/g for rice 
samples and log CFU/mL for water samples.

r	 Microbial diversity analysis
Microbial community diversity analysis was conducted on 
freshly germinated red rice from a selected sample based on 
the highest GABA content. The analysis was performed based 
on the method described by Yang et al. [2023] with adjust-
ments. DNA was extracted using the Quick-DNA MagBead Plus 
Kit. DNA concentration and purity were assessed using a Na-
nodrop spectrophotometer (Thermo Scientific, Waltham, MA, 
USA) and a Qubit fluorometer (Thermo Scientific). The V3–V4 
region of the 16S rRNA gene was amplified using primers 341F 
and 805R. Polymerase chain reaction (PCR) products were veri-
fied by 1% agarose gel electrophoresis, purified with Agencourt 
AMPure XP beads, and quantified using a Qubit 2.0 fluorometer 
and a Bioanalyzer (Agilent, Santa Clara, CA, USA). Libraries were 
quantified by qPCR and sequenced on the Illumina MiSeq plat-
form (Illumina, San Diego, CA, USA).

r	 Statistical analysis
Data were expressed as means and standard deviations (SD). Sta-
tistical analysis was performed using SPSS version 22.0 (Statistical 
Graphics Corp., Princeton, NJ, USA). Two-way analysis of variance 
(ANOVA) was used to evaluate the importance of the significant 
factors (UV treatment, germination time, and their interaction). 
Duncan’s multiple range test was applied to assess the significant 
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Figure 1. Design illustration of a partially circulated germinator.
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differences between samples. Microbial diversity data were in-
terpreted descriptively based on relative abundance. 

RESULTS AND DISCUSSION
r	 pH stability during germination
The circulated water maintained relatively stable pH values close 
to neutrality throughout the germination period in both the UV 
and the non-UV system (Figure 2). This finding indicates that 
the partially circulated germinator effectively preserved the pH 
of the germination medium during the entire germination pe-
riod. Similar observations were reported in our previous study 
[Munarko et al., 2021], which demonstrated that a microfiltration- 
-based membrane reactor could maintain stable pH levels more 
efficiently than conventional soaking methods with periodic 
water replacement. Moreover, Sitanggang et al. [2021] observed 
a decline in water pH of up to 1.5-fold during rice soaking with-
out water exchange, whereas membrane-based reactors kept 
the pH relatively stable, suggesting that the buffering effect 
of continuous recirculation likely contributed to maintaining 
stable environment condition preventing microbial proliferation. 

r	 Germination performance parameters
The germination rate and the sprout length of red rice treated 
in the partially circulated germinator are shown in Figure 3. 
A two-way ANOVA showed significant effect of the interaction 
(p<0.05) between germination time and UV treatment on ger-
mination percentage and root length. Moreover, germination 
rate increased significantly (p<0.05) with prolonged germina-
tion time. The highest percentage was 64.3%–70.3% at 72 h, 
while the lowest values (49.5%–52.6%) were recorded at 24 h. In 
terms of seedling development, shoot length reached 3.00 mm 
(process without UV irradiation) and 5.12 mm (upon UV treat-
ment), while root length ranged from 0.40 mm to 4.15 mm after 
72 h. Shoots became visible after 24 h of germination, whereas 

radicle emergence was only observed after 48 h, indicating dif-
ferent developmental dynamics between the two organs. This 
pattern aligns with earlier reports indicating that shoot growth 
rates often exceed those of roots during germination [Ramírez-
Olvera et al., 2018].

UV treatment significantly (p<0.05) enhanced all germination 
performance parameters, particularly shoot and root lengths 
(Figure 3). This enhancement may be attributed to improved 
water quality under UV treatment. The findings of this study are 
consistent with previous research on okra seeds, which reported 
that although different water sources did not significantly affect 
the overall germination percentage, higher quality water con-
tributed to a faster rate of sprout elongation [Nana et al., 2019].

r	 γ-Aminobutyric acid production during germination
The content of GABA in red rice germinated in the partial-
ly circulated germinator with and without UV treatment is 
shown in Figure 4. Germination with this system effectively 
enhanced GABA content over time. After 24 h, GABA levels 
reached 17.03 mg/100 g in the UV-treated group compared 
to 13.16 mg/100 g in the non-UV group. Contents increased 
significantly (p<0.05) at 48 h, reaching 35.38 and 36.73 mg/100 g, 
respectively. However, no significant (p≥0.05) increase was ob-
served between 24 and 72 h, with levels of 40.99 mg/100 g 
for UV and 34.39 mg/100 g for non-UV treatments at 72 h. No 
significant (p≥0.05) interaction between UV treatment and ger-
mination time was detected, indicating that GABA accumulation 
was predominantly governed by germination time. The effect 
of UV treatment was limited to the early stage of germination 
and became negligible at later stages.

The increase in GABA levels with prolonged germination is 
consistent with previous studies on various rice cultivars under 
different germination methods [Munarko et al., 2022; Wang et al., 
2016]. In cereal grains, GABA is mainly synthesized via the GABA 
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shunt pathway, where glutamate undergoes decarboxylation 
by glutamate decarboxylase (GAD) activity, with minor contri-
butions from the polyamine degradation pathway [Ansari et al., 
2021; Shelp et al., 2012; Zhu et al., 2022]. The efficiency of GABA 
accumulation is strongly influenced by the germination method. 
Sitanggang et al. [2021] demonstrated that the use of membrane 
bioreactors significantly improved GABA levels compared to 
conventional soaking [Sitanggang et al., 2021]. Similarly, our 
previous study [Munarko et al., 2021] showed that partial soaking 
combined with incubation under humid conditions resulted 
in a higher GABA content in germinated rice than either full 
soaking or conventional partial soaking. The partially circulated 
germinator used in this study represents a further refinement 
of the membrane-based partial method by integrating period-
ic water spraying with membrane filtration and recirculation. 
The results showed that in this system GABA was also efficiently 
produced during rice germination.

UV irradiation applied to the circulating water as a decon-
tamination step in our system, was expected to support ger-
mination efficiency and GABA accumulation. It was proved at 
24  h (Figure  3). However, the lack of significant differences 
(p≥0.05) for 48- and 72-h samples, suggests that UV treatment 
may contribute to early-stage of germination. As germination 
progressed, the influence of UV treatment on metabolic re-
sponses became less pronounced, possibly because metabolic 
changes associated with prolonged germination played a more 
dominant role. The position of the UV light appears to be a critical 
factor as well. Zhu et al. [2023] demonstrated that placing UV-C 
irradiation directly in the germination chamber (180 μW/cm² for 
8 h per day) significantly enhanced GABA accumulation. Like-
wise, Yan et al. [2021] reported that UV-C treatment at the dose 
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of 4 kJ/m2 increased GABA content in tomato fruits during stor-
age by regulating the genes involved in GABA metabolism. 
These findings suggest that further research should investigate 
the direct application of UV irradiation within the germination 
chamber to optimize GABA synthesis in germinated rice.

r	 Microbial proliferation
Total plate counts in circulation water under both UV and non-
-UV treatments ranged from 4 to 6 log CFU/mL (Figure 5A). 
At 24 h of germination, the microbial load was numerically 
lower in the UV-treated samples than in the non-UV-treated 
samples for both the circulated water and dried germinated 
rice; however, these differences were not statistically signifi-
cant (p≥0.05) (Figure 5B). Similarly, no significant differences 
in the TPC of the circulation water were observed between UV 
and non-UV treatments after 48 and 72 h of germination (p≥0.05). 
The TPC of dried rice ranged from 7.76 to 9.44 log CFU/g after 

24–72 h of germination and was not significantly affected by ger-
mination time, UV treatment, or their interaction (p≥0.05). These 
results align with the study by Zhang et al. [2018], who observed 
microbial counts exceeding 9 log CFU/g after 24 h of soaking 
of brown rice, with sustained proliferation during germination. 
Cereal grains inherently harbour diverse microbial populations 
originating from field environments, harvesting, and post-harvest 
handling process. Several investigations have demonstrated that 
microbial populations in rice and other sprouted grains increase 
significantly during germination due to favourable moisture 
and nutrient availability [Cotter & Hill, 2003]. The germinated 
rice was dried in our study at 45°C. Although drying at this tem-
perature reduced seed moisture, it was insufficient for microbial 
inactivation. Vegetative bacterial cells generally require 60°C for 
thermal inactivation, and even higher temperatures under moist 
conditions are necessary to inactivate spores [Cebrián et al., 2017]. 
Consequently, many microorganisms likely survived or entered 
dormancy, leading to relatively high microbial counts per gram 
of dry material despite water removal.

The total LAB counts in the circulated water and freshly 
germinated red rice are shown in Figure 6. At 24 h of germina-
tion, total LAB count in water did not differ significantly between 
the UV and non-UV treatments (p≥0.05). A significant difference 
was observed at 48 h, with the LAB population reaching 5.05 log 
CFU/mL in the non-UV treatment, whereas the UV treatment 
maintained a lower population of 3.65 log CFU/mL (p<0.05). 
However, by 72 h of germination, LAB populations had increased 
to approximately 5 log CFU/mL in both treatments, with no 
significant difference between them (p≥0.05). 

UV-C irradiation at wavelengths between 200 and 280 nm 
is known to exert germicidal effects by inducing DNA damage 
and impairing microbial replication [Kowalski, 2009]. Previous 
studies by Moore et al. [2025] and Scarlett et al. [2016] demon-
strated significant microbial inactivation by UV-C in water-based 
systems. The limited long-term effectiveness of UV treatment 
observed in our study may be associated with several factors. 
First, organic compounds released from germinating seeds can 
accumulate in the circulating water, increasing turbidity and re-
ducing UV transmittance. Dissolved organic matter may absorb 
or scatter UV radiation, thereby shielding microorganisms from 
direct exposure [Scarlett et al., 2016]. Second, microorganisms 
attached to the surface of germinating grains continuously de-
tach and re-enter the circulating water during spraying cycles, 
resulting in repeated microbial inoculation within the system. 
These mechanisms have also been reported in water treatment 
system where UV efficiency decreases in the presence of organic 
load or suspended solids [Kováříková et al., 2024].

r	 Microbial community composition based on 
metagenomic analysis

Metagenomic analysis provided deeper insight into the microbial 
communities associated with germinated rice beyond what can 
be obtained from culture-based enumeration. It was performed 
on freshly germinated red rice sample under non-UV treatment 
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Phytobacter is recognized as a seed-associated endo-
phyte with nitrogen-fixing capacity and functions as a plant 
growth-promoting bacterium (PGPB) [Jana et al., 2025]. Its dom-
inance is likely attributable to its persistence within seed tissues, 
where endophytic localization confers resistance to disinfection 
treatments [Kaga et al., 2009; Kubota et al., 2023]. Similarly, Entero-
bacter contributes to plant growth through phytohormone syn-
thesis and antimicrobial metabolite production [Ngalimat et al., 
2021]. Co-occurrence with Enterobacter may reflect a symbiotic 
interaction that enhances seedling development [Ng et al., 2012]. 

An important finding of this study was the detection 
of Cronobacter spp. within the microbial community. Crono-
bacter is recognized as an opportunistic pathogen that has 
been associated with contamination of various plant-derived 
food from the cultivation, post-harvest handling, or processing 
environments [Cechin et al., 2023]. This genus is particularly 
known for its ability to survive in low-moisture environments 
and persist in dry food matrices. Moreover, Cronobacter species 
have been associated with severe infections, including men-
ingitis and sepsis, especially in neonates and other vulnerable 
populations [Koutsoumanis et al., 2014]. Although the relative 
abundance of Cronobacter detected in this study was low, its 
presence highlights potential food safety concern in germinat-
ed cereal products. The germination process provides a warm 
and high-moisture environment that can promote microbial 
proliferation [Yang et al., 2023]. However, relative abundance 
alone is insufficient to determine food safety risk. A compre-
hensive hazard assessment should instead be based on abso-
lute microbial counts, strain-specific virulence characteristics, 
and the intended mode of consumption, particularly whether 
the product is consumed raw or subjected to a validated kill step 
[Billington et al., 2022].

Cronobacter spp. are heat sensitive vegetative bacteria. Osaili 
et al. [2009] reported that temperatures ≥ 70°C resulted in sub-
stantial microbial reductions by >4 log units. During high-tem-
perature short-time (HTST) process (67.5°C for 15 s), the most 
heat- resistant Cronobacter strain was reduced by more than 
6.7 log units [Pearce et al., 2012]. These findings indicate that 
conventional heat treatments, such as pasteurization, boiling, 
blanching, steaming, and baking, are generally effective in in-
activating Cronobacter, although thermal resistance may vary 
depending on the food matrix.

Beyond these dominant genera, other bacteria such as Pseu-
domonas, Aeromonas, Brevundimonas, Sphingobium, and Paeni-
bacillus were also detected, shaping the microbial dynamics 
of germinated rice. While some strains are beneficial, contribut-
ing to plant growth promotion and pathogen suppression [Devi 
& Kalaiselvi, 2020; Quibod et al., 2015; Tariq et al., 2025], others (e.g., 
Brevundimonas spp.) are opportunistic pathogens in humans 
[Ryan & Pembroke, 2018]. The microbial community compo-
sition observed in this study also reflects the dynamic nature 
of microbial ecosystems during germination [Dutta et al., 2022]. 
Germination alters the physicochemical environment surroun-
ding seeds by increasing moisture content, oxygen availability, 

at 48 h. This treatment was selected due to its high GABA con-
tent, which was not significantly different from that observed 
under UV treatment or longer germination durations, making it 
a suitable representative model for microbial diversity analysis. 
In addition, this sample was chosen considering the potential for 
higher microbial loads, particularly bacteria, due to the absence 
of selective pressure from ultraviolet treatment. The sequencing 
results (Figure 7) revealed that the microbial community in ger-
minated rice was dominated by several bacterial genera com-
monly associated with plant environments, including Phytobacter 
(31.17%), followed by Enterobacter (11.26%) and Cronobacter 
(10.47%). The high moisture content and release of nutrients 
during germination may provide favorable ecological conditions 
that support the proliferation of diverse bacterial groups [Cotter & 
Hill, 2003]. These microorganisms are frequently detected in cere-
al grains and plant tissues and are considered part of the natural 
microbiota associated with seeds [Eid et al., 2021].
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and nutrient release. These changes create ecological niches 
that enhance the growth of specific microorganisms capable 
of utilizing the available nutrients. As a result, microbial diversity 
and relative abundance can shift significantly during the germi-
nation process [Abdelfattah et al., 2021].

Overall, metagenomic analysis provides valuable insights 
into the microbial ecology of germinated rice and highlights 
the complexity of microbial communities associated with 
sprouting systems. While some detected microorganisms may 
contribute to natural microbial succession during germination, 
the presence of opportunistic pathogens emphasizes the impor-
tance of implementing effective sanitation strategies to ensure 
microbial safety in germinated grain production.

CONCLUSIONS
The present study demonstrated that a partially circulated ger-
mination system can be effectively used to germinate red rice 
and obtain a product with an increased functional value through 
GABA accumulation. Although microbial proliferation occurred 
during germination, the integration of UV treatment provided 
partial microbial control in the circulating water during the early 
stages of germination. Metagenomic analysis further revealed 
that the microbial community was largely dominated by seed-
-associated bacteria, highlighting the important role of intrinsic 
seed microbiota in shaping microbial dynamics during germi-
nation. Importantly, the partial circulation approach represents 
a promising strategy for developing more resource-efficient 
germination systems capable of improving the functional quality 
of cereal grains while minimizing environmental impact. Future 
optimization of sanitation strategies combined with water-effi-
cient processing technologies may further improve microbial 
safety and support sustainable production of germinated func-
tional foods.
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Comparative Characterization of Polysaccharides from Rosa 
roxburghii Tratt. Fruits Collected from Eight Major Producing Areas 

of Guizhou: Structure, Physicochemical Properties, and In Vitro 
Bioactivity
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Polysaccharides from Rosa roxburghii Tratt. (RRTP) are predominantly pectic and are considered core bioactive compounds 
of the fruit. In this study, RRTPs were extracted from fruit of the cultivar ‘Guinong 5’ collected from eight major production 
areas in Guizhou, China, to evaluate source-associated differences in pectic structural features, physicochemical properties, 
antioxidant capacity, and inhibitory activity against α-amylase and α-glucosidase. Extraction yields ranged from 3.29% to 
4.64%. All RRTPs exhibited typical pectic characteristics, but significant differences were observed in uronic acid content, mo-
nosaccharide composition, the distribution of homogalacturonan (HG) and rhamnogalacturonan-I (RG-I) domains, molecular 
weight, particle behavior, and thermal properties. Among the tested samples, RRTP from Congjiang County (RRTP-CJ) showed 
the highest galacturonic acid content (49.72 mol%) and one of the lowest molecular weights (80.6 kDa). It also exhibited 
the strongest DPPH•, ABTS•+, and O2•− scavenging activities with half-maximal inhibitory concentration (IC50) values of 0.394, 
0.300, and 0.452 mg/mL, respectively. RRTP-CJ also showed the strongest Fe2+-chelating activity, with a half-maximal effective 
concentration (EC50) of 0.671 mg/mL, and the strongest α-amylase and α-glucosidase inhibition, with IC50 values of 2.425 
and 0.747 mg/mL, respectively. Correlation analyses indicated that uronic acid content and HG abundance were positively 
associated with antioxidant capacity and carbohydrase inhibitory activity, whereas higher molecular weight and extensive 
RG-I branching were negatively associated with these effects. Principal component analysis further distinguished highly bio-
active samples characterized by lower molecular weight and a higher content of galacturonic acid. Overall, substantial source-
-associated heterogeneity was revealed among RRTPs, and RRTP-CJ was identified as a promising raw material for functional 
food ingredient development. These findings should be interpreted within the scope of a single cultivar and harvest year, 
providing a basis for raw-material selection, standardization, and subsequent multi-year validation.

Keywords:� digestive-enzyme inhibition, homogalacturonan, molecular-weight distribution, pectic polysaccharides, rham-
nogalacturonan-I, source-associated variation
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ABBREVIATIONS
ABTS, 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid); 
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INTRODUCTION
Rosa roxburghii Tratt., commonly known as Cili because of its thorny 
fruits, is an edible fruit species mainly cultivated in the mountain-
ous regions of southwestern China. Guizhou Province is the core 
area of commercial production, where large differences in altitude, 
climate, and cultivation conditions may contribute to variation 
in fruit quality and bioactive composition [Jain et al., 2024]. The fruit 
is valued as a functional food resource because it is rich in ascorbic 
acid, phenolic compounds, organic acids, triterpenoids, superoxide 
dismutase, and polysaccharides [Wang et al., 2021; Wang et al., 
2022a]. Several cultivars or types, including ‘Guinong 1’, ‘Guinong 5’, 
‘Guinong 7’, and ‘Seedless Cili’, are currently used in production. 
Among them, ‘Guinong 5’ is widely cultivated in Guizhou because 
of its strong adaptability, disease resistance, stable yield, and good 
processing suitability [Li et al., 2022]. Therefore, using this cultivar as 
a unified material can reduce cultivar-related interference and al-
low a more focused comparison of source-associated variation 
among producing areas. 

Within this compositional background, R. roxburghii Tratt. 
polysaccharides (RRTPs) deserve particular attention because 
they represent one of the major macromolecular bioactive com-
pounds of the fruit. Previous studies have shown that RRTPs can 
exhibit antioxidant activity, prebiotic potential, and hypoglyce-
mic and hypolipidemic effects in experimental models [Wang et 
al., 2020; Wang et al., 2023]. These activities are closely related to 
structural features, such as monosaccharide composition, uronic 
acid content, molecular weight, glycosidic linkages, and chain 
conformation. Many RRTPs are acidic pectic polysaccharides. 
Pectin generally contains homogalacturonan (HG), rhamnoga-
lacturonan-I (RG-I), and rhamnogalacturonan-II (RG-II) domains; 
HG is mainly formed by linear α-(1→4)-linked d-galacturonic acid 
residues, whereas RG-I contains alternating rhamnose and ga-
lacturonic acid residues with arabinose- and galactose-rich side 
chains [Voragen et al., 2009]. Therefore, differences in HG/RG-I do-
main distribution may strongly influence the physicochemical 
behavior and bioactivity of RRTPs.

The antioxidant capacity and carbohydrate-hydrolyzing en-
zyme inhibitory activity of plant polysaccharides are especially 
relevant for functional food development. Polysaccharides may 
prevent oxidative damage by donating hydrogen or electrons 
and by chelating pro-oxidant metal ions; these effects are of-
ten affected by uronic acid content, molecular weight, charge 
density, and chain exposure [Fernandes & Coimbra, 2023]. In 
addition, inhibition of α-amylase and α-glucosidase can slow 
starch digestion and glucose release, thereby helping to attenu-
ate postprandial hyperglycemia [Gong et al., 2020; Zheng et al., 
2019]. For R. roxburghii, purified acidic polysaccharides and crude 
polysaccharide fractions have shown α-glucosidase inhibitory 
activity and glucose-modulating effects, indicating that RRTPs 
may be useful as food-derived ingredients for glycemic manage-
ment [Wang et al., 2018a; Wang et al., 2019].

Source-associated variation is an important issue for plant 
polysaccharides because raw material origin can affect the extrac-
tion yield, structural characteristics, physicochemical properties, 
and bioactivity of the resulting polysaccharides. Such effects have 
been reported for pectins and polysaccharides from mango peel, 
jujube fruit, and Gracilaria chouae, where cultivar, growth region, 
or producing area influenced chemical composition, molecular 
characteristics, rheological behavior, and bioactivity of the result-
ing pectin or polysaccharide preparations [Deng et al., 2020; Feng 
et al., 2025; Li et al., 2024]. However, most studies on RRTPs have 
used materials from a single location or have focused on extrac-
tion methods and processing conditions. Systematic comparison 
of RRTPs from major commercial sources under a unified cultivar 
background remains limited. It is therefore unclear whether 
RRTPs from different producing areas differ in pectic domain 
composition, molecular weight distribution, physicochemical 
properties, antioxidant capacity, and digestive enzyme inhibi-
tory activity. Accordingly, this study compared RRTPs extracted 
from ‘Guinong 5’ fruits collected from eight major producing 
areas in Guizhou Province. The polysaccharides were evaluated 
for extraction yield, chemical composition, monosaccharide 
profile, pectic domain distribution, molecular weight, Fourier 
transform infrared spectra, crystallinity, particle behavior, ther-
mal stability, antioxidant capacity, and inhibition of α-amylase 
and α-glucosidase. Correlation analysis and principal component 
analysis were further used to explore structure-activity relation-
ships. This study aimed to identify source-associated differences 
among RRTPs and to provide a scientific basis for raw-material 
selection, quality standardization, and targeted development 
of R. roxburghii polysaccharides as functional food ingredients.

MATERIALS AND METHODS
r	 Materials and chemicals
All Rosa roxburghii Tratt. fruits (RRT) used in this study were 
collected from the same cultivar (‘Guinong 5’) within a single 
harvest year from eight major producing areas in Guizhou Prov-
ince, China: Panzhou, Shuicheng, Longli, Hezhang, Qixingguan, 
Sinan, Congjiang, and Zheng’an. To improve representativeness 
and reduce individual-plant bias, fruits from multiple healthy 
plants within each region were pooled to prepare a composite 
regional sample. This sampling strategy was adopted to better re-
flect source-associated characteristics at the regional level under 
a controlled cultivar background. The sampling sites, geographic 
coordinates, and altitudes are presented in Table 1. Because 
the present work was designed as a comparative study of source-
associated variation rather than a direct environmental causality 
analysis, site-specific soil and meteorological parameters were 
not monitored. All fruit batches were transported under refriger-
ated conditions (4–8°C) before drying and extraction.

Monosaccharide standards, including galactose (Gal), 
mannose (Man), rhamnose (Rha), xylose (Xyl), glucose (Glc), 
arabinose (Ara), fucose (Fuc), glucuronic acid (GlcA), galactu-
ronic acid (GalA), ribose (Rib), fructose (Fru), glucosamine (GlcN), 
galactosamine (GalN), guluronic acid (GulA), mannuronic acid 
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(ManA), and N-acetyl-d-glucosamine (GlcNAc), were obtained 
from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). α-Amylase, 
α-glucosidase, p-nitrophenyl-α-d-glucopyranoside (pNPG), 
and bovine serum albumin (BSA) were purchased from Yuanye 
Biotechnology Co., Ltd. (Shanghai, China). All remaining reagents 
were of analytical or chromatographic grade and were procured 
from local suppliers.

r	 Isolation of polysaccharides from Rosa roxburghii Tratt. 
fruits

Polysaccharides were isolated by ultrasonic-assisted hot-water 
extraction under our previously optimized conditions [Chen & 
Kan, 2018]. Fresh fruits from the eight regions were rinsed to 
remove surface debris, the calyx and stem ends were trimmed, 
and tissues were cut into small pieces. Material was dried 
in a hot-air oven (DHG-9240, Shanghai Jinghong Instrument 
Equipment Co., LTD, Shanghai, China) at 50°C, milled, and sieved 
(60 mesh). Defatting and decolorization were performed by 
soaking the powder in petroleum ether at a solid to liquid ratio 
of 1:4 (w/v) at room temperature for 24 h with continuous stirring. 
Solvent was refreshed every 8 h. The mixture was vacuum-fil-
tered, and the residue was soaked in 95% ethanol under identical 
conditions, followed by vacuum filtration and drying. Pretreated 
powder (10 g) was suspended in distilled water (400 mL) and sub-
jected to ultrasonication (40 kHz, 150 W) at 80°C for 33 min 
using an SC25-12 DTD bath sonicator (Ningbo Scientz Biotech-
nology Co., Ltd., Ningbo, China). The extract was concentrated 
to one-quarter of the initial volume using a rotary evaporator 
(R-215, Buchi, Flawil, Switzerland) at 54°C under reduced pressure. 
Proteins were removed by the Sevag method: Sevag reagent 
(chloroform : n-butanol, 4:1, v/v) was added, the mixture was 
agitated at 180 rpm for 10 min, and phases were allowed to 
separate; the lower organic phase and interfacial protein layer 
were discarded, and the upper aqueous phase was retained. 
This step was repeated until no protein emulsion remained. 
The aqueous phase was transferred into regenerated cellulose 
dialysis tubing with a molecular weight cutoff of 8,000–14,000 Da 

(Yuanye Bio-technology Co., Ltd., Shanghai, China) and dialyzed 
against distilled water for 48 h. Polysaccharides were precipitated 
by adding four volumes of ethanol, collected, and freeze-dried to 
yield the final products. Samples of Rosa roxburghii Tratt. polysac-
charides (RRTP) obtained from fruits collected in different areas 
of Guizhou were designated as RRTP-CJ (Congjiang), RRTP-HZ 
(Hezhang), RRTP-LL (Longli), RRTP-PZ (Panzhou), RRTP-QXG (Qix-
ingguan), RRTP-SC (Shuicheng), RRTP-SN (Sinan), and RRTP-ZA 
(Zhen’an). The extraction yield (%, w/w) was calculated as ac-
cording to Equation (1):

RRTP yield (%) =
Weight of dried RRTPs (g)

Initial weight of pretreated RRT (g)      (1)

r	 Analysis of chemical composition of polysaccharides 
from Rosa roxburghii Tratt. fruits 

r	 Neutral sugar, uronic acid, and protein contents
Neutral sugar, uronic acid, and protein contents were deter-
mined colorimetrically. For neutral sugar determination, an RRTP 
solution was mixed with a phenol solution and concentrated 
sulfuric acid, incubated for color development, and measured at 
490 nm using Glc as the standard [DuBois et al., 1956]. Uronic acid 
content was determined by the m-hydroxydiphenyl method; 
briefly, an RRTP solution was reacted with a sulfuric acid–borate 
reagent, followed by the addition of the m-hydroxydiphenyl 
reagent, and absorbance was recorded at 525 nm using GalA 
as the standard [Blumenkrantz & Asboe-Hansen, 1973]. Protein 
content was measured using the Coomassie Brilliant Blue G-250 
method (Bradford protein assay), with absorbance recorded at 
595 nm and BSA used as the standard [Zor & Selinger, 1996]. Re-
sults were calculated from the corresponding calibration curves 
and expressed as g of standard equivalent per 100 g of dried RRTP 
sample: g glucose equivalent/100 g for neutral sugars, g galactu-
ronic acid equivalent/100 g for uronic acids, and g BSA equiva-
lent/100 g for proteins. Results were calculated based on calibra-
tion curves using Glc for neutral sugars, yielding y = 0.0054 x + 
+ 0.0711 (R2 = 0.9987, n = 6); BSA for protein, yielding y = 0.0039 x + 

Table 1. Collection sites of Rosa roxburghii Tratt. (RRT) fruits and corresponding polysaccharide sample codes.

Code Collection site Altitude (m) Geographic coordinates

RRTP-CJ Congjiang, Qiandongnan 560 25°28’30.95’’N, 108°32’47.54’’E

RRTP-HZ Hezhang, Bijie 1,448 27°13’51.99’’N, 104°52’32.80’’E

RRTP-LL Longli, Qiannan 1,380 26°33’19.20’’N, 106°55’12.24’’E

RRTP-PZ Panzhou, Liupanshui 1,905 25°54’5.62’’N, 104°32’45.70’’E

RRTP-QXG Qixingguan, Bijie 1,669 27°26’32.83’’N, 105°23’25.15’’E

RRTP-SC Shuicheng, Liupanshui 1,738 26°11’28.91’’N, 104°41’27.03’’E

RRTP-SN Sinan, Tongren 586 27°43’9.30’’N, 107°57’35.56’’E

RRTP-ZA Zheng’an, Zunyi 909 28°37’15.40’’N, 107°30’31.50’’E
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+ 0.4173 (R2 = 0.9985, n = 6); and GalA for uronic acids, yielding 
y = 0.0285 x + 0.0311 (R2 = 0.997, n = 6).

r	 Monosaccharide composition
Monosaccharide profiles were determined by high-perfor-
mance anion-exchange chromatography (HPAEC) on a Ther-
mo Dionex ICS-6000 system (Thermo Scientific, Waltham, MA, 
USA) following a validated procedure [Shi et al., 2025]. Each 
RRTPs sample (6 mg) was hydrolyzed in 2 M trifluoroacetic acid 
(4 mL) at 121°C for 3 h. Following acid removal, hydrolysates 
were diluted to 50 mL with distilled water, filtered (0.22 µm), 
and injected (25 µL) onto a Dionex CarboPac PA20 analytical 
column (3×150 mm; Thermo Scientific) equipped with a guard 
cartridge. Separation was performed at 30°C, 0.5 mL/min, using 
ultrapure water (A), 40 mM NaOH (B), 500 mM sodium ace-
tate (C), and 250 mM NaOH (D) under the following gradient 
program: 0–20.05 min, 90% A and 10% B; 20.05–53.05 min, 
70% A, 20% B and 10% C; 53.05–60.00 min, 50% A and 50% D. 
Peak identification and compound quantification were carried 
out using sixteen monosaccharide standards (Tokyo Chemical 
Industry Co., Ltd., Tokyo, Japan) analyzed under identical con-
ditions. The amount of each monosaccharide was calculated 
from its corresponding external calibration curve and convert-
ed to molar amount. Results were expressed as relative molar 
fractions (mol%), calculated as ni/Σni, where ni represents 
the molar amount of an individual monosaccharide and Σni 
represents the total molar amount of all identified monosac-
charides in the same sample. For each RRTP sample, the sum 
of the identified monosaccharide fractions was normalized to 
100. Pectic structural parameters were estimated from the rel-
ative molar fractions; HG and RG-I were calculated according 
to Equations (2) and (3), respectively: 

HG = GalA − Rha	 (2) 

RG-I = 2Rha + Ara + Gal	 (3) 

Rha/GalA was used to indicate the relative contribution 
of the RG-I backbone; and (Ara + Gal)/Rha was used to indicate 
the relative degree of RG-I side-chain branching.

r	 Determination of physicochemical properties 
of polysaccharides from Rosa roxburghii Tratt. fruits 

r	 Molecular weight distribution
Molecular-weight distributions were assessed by high-perfor-
mance gel permeation chromatography (HPGPC) using Agilent 
1260 system with a refractive-index detector (Agilent Technolo-
gies, Santa Clara, CA, USA) [Shi et al., 2025]. RRTPs were dissolved 
in a 0.1 M NaNO3 solution at 5 mg/mL and filtered through 
0.45  μm membranes. Samples were separated on a TSK-Gel 
GMPWXL column (7.8 × 300 mm; Tosoh Bioscience, Tokyo, Japan) 
at 30°C. A 0.1 M NaNO3 solution was used as the mobile phase at 
a flow rate of 0.5 mL/min, and the injection volume was 25 μL. 
A calibration curve relating retention time to the logarithm 

of molecular weight (log Mw) was generated using dextran 
standards (6.3–739 kDa; Agilent Technologies).

r	 Fourier transform infrared spectroscopy
Fourier transform infrared (FT-IR) spectra of RRTPs were acquired 
by the KBr-pellet method on a Spectrum Two FT-IR spectrom-
eter (PerkinElmer, Waltham, MA, USA) as described by Shi et al. 
[2025]. For each run, RRTP samples (2 mg) were mixed with dry 
KBr (200 mg), finely ground in an agate mortar, and pressed into 
translucent disks. A blank KBr pellet was recorded as the back-
ground. Spectra were collected from 4,000 to 400 cm−1 at 4 cm−1 
resolution to assign functional groups and backbone features.

r	 Thermal stability
Thermal stability of RRTPs was evaluated by thermogravimetric 
analysis (TGA) on a DTG-60A instrument (Shimadzu, Kyoto, Japan) 
[Chen et al., 2025]. Approximately 5 mg of the sample was sealed 
in a high-purity aluminum crucible, with an empty crucible used 
as the reference. Heating was performed from 25°C to 800°C at 
10°C/min under nitrogen (50 mL/min). The thermogravimetric 
(TG) curve and the derivative thermogravimetric (DTG) curve 
were calculated separately to resolve mass-loss stages and peak 
decomposition temperatures. 

r	 Structural characterization by X-ray diffraction analysis
X-ray diffraction (XRD) analysis of RRTPs was performed using 
a D8 Advance diffractometer (Bruker, Leipzig, Germany) equipped 
with a copper anode producing Cu Kα radiation (λ=1.5406 Å) 
and operated at 40 kV and 40 mA. Diffraction patterns were 
collected over 2θ = 5°–60° at a scan speed of 10°/min. Peak 
deconvolution analysis was performed to resolve the crystalline 
(Ab) and amorphous (Aa) regions within the polysaccharide sam-
ples. The crystallinity index (CrI, %) was calculated according to 
Equation (4) [Wang et al., 2022b]:

Crl (%) =
Ab

Ab + Aa
× 100	 (4)

r	 Zeta potential and particle size distribution
Surface charge and hydrodynamic size of RRTPs (2 mg/mL in  
Milli-Q water) were determined at 25°C by dynamic light scatter-
ing on a Nano ZS90 analyzer (Malvern Instruments, Worcester-
shire, UK), following Shi et al. [2025]. Zeta potential was reported 
in mV, and particle size was expressed as the intensity-weighted 
Z-average diameter (nm). To ensure reproducibility, polydisper-
sity indices (PDI) were maintained below 0.40 for all preparations. 
Measurement parameters were as follows: refractive indices 
of 1.414 (dispersed phase) and 1.330 (continuous phase), solvent 
viscosity of 0.8872 cP, and a target signal intensity of 80 counts/s.

r	 Antioxidant capacity analysis of polysaccharides from 
Rosa roxburghii Tratt. fruits 

The antioxidant capacity of RRTPs was evaluated by DPPH•-, 
ABTS•+-, and O2•−-scavenging assays and by Fe2+-chelating assay. 
RRTP solutions were prepared in distilled water at 0.25, 0.50, 1.00, 
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⎧
⎩

⎧
⎩

Fe2+ chelating activity (%) = × 1001 –
As – Ab

A0
	 (6)

where As is the absorbance of the sample reaction mixture, Ab is 
the absorbance of the sample blank, and A0 is the absorbance 
of the control. In this assay, 100% chelating activity represents 
complete prevention of Fe2+–ferrozine complex formation after 
background correction.

Dose–response curves were constructed using the activ-
ity values obtained at different RRTP concentrations. The con-
centration required to achieve 50% radical-scavenging activity 
was expressed as the half-maximal inhibitory concentration 
(IC50), whereas the concentration required to achieve 50% Fe²+-
chelating activity was expressed as the half-maximal effective 
concentration (EC50).

r	 Determination of in vitro hypoglycemic activity 
of polysaccharides from Rosa roxburghii Tratt. fruits 

r	 α-Glucosidase inhibitory activity
The α-glucosidase inhibitory activity of RRTPs was evaluated us-
ing a pNPG-based assay according to Tadera et al. [2006], with ap-
propriate modifications. RRTP solutions were prepared in phos-
phate-buffered saline (PBS; 100 mM, pH 6.9) at concentrations 
of 0.5–7.0 mg/mL. α-Glucosidase solution (0.5 U/mL) and pNPG 
solution (6 mM) were also prepared in the same buffer. For each 
assay, 100 µL of the RRTP solution was combined with 100 µL 
of α-glucosidase solution and incubated at 37°C for 10 min. 
Subsequently, 100 µL of pNPG solution was added, and incuba-
tion was continued for 20 min at 37°C. Parallel controls were run 
in the absence of RRTPs and in the absence of enzyme; acarbose 
served as the positive control. Reactions were terminated with 
1 mL of 1 M Na2CO3. Formation of p-nitrophenol was quanti-
fied at 405 nm using a microplate reader (Model 1500, Thermo 
Multiskan SkyHigh, Waltham, USA). Percentage inhibition was 
calculated according to Equation (7):

Inhibition (%) = × 1001 – ⎧
⎩

⎧
⎩

Asample – Acontrol-1

Acontrol-2
	 (7)

where Asample denotes the absorbance of the complete system 
(RRTP + enzyme + substrate), Acontrol-1 denotes the absorbance 
of the mixture in which α-glucosidase was replaced with the buff-
er, and Acontrol-2 denotes the absorbance of the mixture in which 
RRTP was replaced with the buffer. The IC50 value was defined as 
the RRTP concentration required to inhibit 50% of α-glucosidase 
activity. IC50 values were calculated from dose–response curves 
by plotting inhibition (%) against RRTP concentration and fitting 
the data by nonlinear regression.

r	 Inhibitory kinetics toward α-glucosidase
The inhibition kinetics of RRTPs against α-glucosidase (0.5 U/mL) 
were evaluated by measuring enzyme activity at different pNPG 
concentrations (1–4 mM) in the absence or presence of RRTPs 
(0, 3, and 5 mg/mL). The inhibition mode and mechanism 
were analyzed using Lineweaver–Burk double-reciprocal plots 

1.50, 2.00, and 2.50 mg/mL. Ascorbic acid was used as the posi-
tive control for radical-scavenging assays, and ethylenediami-
netetraacetic acid (EDTA) was used as the positive control for 
the Fe2+-chelating assay.

The DPPH•-scavenging assay was performed according to 
Brand-Williams et al. [1995], with appropriate modifications. An 
RRTP solution was mixed with a DPPH• ethanol solution and in-
cubated in the dark at room temperature, after which the ab-
sorbance was measured at 517 nm. A reaction mixture in which 
the RRTP solution was replaced with distilled water served as 
the control, and a sample blank without DPPH• was used to cor-
rect the background absorbance of each RRTP solution. DPPH• 
scavenging activity was calculated as follows (Equation (5)):

1 –⎧
⎩

⎧
⎩

Radical scavenging activity (%) = × 100
As – Ab

A0

	
(5)

where As is the absorbance of the sample reaction mixture, Ab is 
the absorbance of the sample blank, and A0 is the absorbance 
of the control.

The ABTS•+-scavenging assay was performed according to 
Re et al. [1999], with appropriate modifications. The ABTS•+ work-
ing solution was prepared by reacting ABTS with potassium 
persulfate in the dark and subsequently diluting the mixture 
to an absorbance of 0.70 ± 0.02 at 734 nm. The RRTP solution 
was mixed with the ABTS•+ working solution and incubated at 
room temperature, after which the absorbance was measured 
at 734  nm. ABTS•+ scavenging activity was calculated using 
Equation (5).

The O2•−-scavenging assay was performed using the phena-
zine methosulfate (PMS) – reduced nicotinamide adenine dinu-
cleotide (NADH) – nitroblue tetrazolium (NBT) system described 
by Nishikimi et al. [1972], with appropriate modifications. The re-
action mixture contained the RRTP solution, NBT, NADH, and PMS 
in phosphate buffer. The reaction was initiated by adding PMS. 
Following incubation at room temperature, the absorbance was 
measured at 560 nm. A reaction mixture without RRTPs served 
as the control, and a sample blank without PMS was prepared 
to correct the background absorbance. O2•− scavenging activity 
was calculated using Equation (5).

The Fe2+ chelating assay was performed according to 
Dinis et al. [1994], with appropriate modifications, based on 
competition between RRTPs and ferrozine for Fe2+. Formation 
of the Fe2+–ferrozine complex was monitored at 562 nm, as 
originally described by Stookey [1970]. Briefly, the RRTP solu-
tion was mixed with the FeCl2 solution, and the reaction was 
initiated by adding the ferrozine solution. Following incubation 
at room temperature, the absorbance of the Fe2+–ferrozine 
complex was measured at 562 nm. A reaction mixture con-
taining Fe2+ and ferrozine without RRTPs served as the control 
and represented 0% chelating activity. A sample blank without 
Fe2+ was used to correct the background absorbance of each 
RRTP solution. Fe2+-chelating activity was calculated according 
to Equation (6):
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within the Michaelis–Menten framework [Lineweaver & Burk, 
1934]. The data were analyzed according to the mixed-inhi-
bition equation (Equation (8)), from which the Michaelis con-
stant (Km) and maximal velocity (Vmax) were obtained. The slope 
and y-intercept of the Lineweaver–Burk plot were determined for 
each RRTP concentration. The dissociation constant for inhibitor 
binding to the free enzyme (Ki) was obtained from the absolute 
value of the x-intercept of the secondary plot of the Lineweav-
er–Burk slope versus inhibitor concentration (Equation (9)). 
The dissociation constant for inhibitor binding to the enzyme–
substrate complex (Kis) was obtained from the absolute value 
of the x-intercept of the secondary plot of the Lineweaver–Burk 
y-intercept versus inhibitor concentration (Equation (10)) [Cor-
nish-Bowden, 1974]. In Equations (8)–(10), v denotes the initial 
reaction rate, [S] stands for the substrate concentration, and [I] 
indicates the inhibitor concentration.

= 1 + 1 ++⎧
⎩

⎧
⎩

⎧
⎩

⎧
⎩

1 Km 1[I] [I]1
ν Vmax VmaxKi Kis[S]

	 (8)

Slope = +
Km Km [I]

Vmax Vmax Ki
	 (9)

Y-intercept = +
1 [I]

Vmax Kis Vmax
	 (10)

r	 α-Amylase inhibitory activity 
The α-amylase inhibitory activity of RRTPs was determined using 
the 3,5-dinitrosalicylic acid (DNS)-based amylase assay described 
by Bernfeld [1955], with appropriate modifications. Sample solu-
tions were prepared in 0.02 M phosphate buffer (pH 6.9). Equal 
volumes of the RRTP solution (500 µL) and α-amylase (10 U/mL) 
were combined and incubated at 37°C for 10 min. Soluble starch 
(1%, 500 µL) was then added as a substrate, and incubation was 
continued for 10 min at 37°C. Reactions were terminated by add-
ing the DNS reagent (1 mL) and heating in a boiling water bath 
for 5 min. After dilution with distilled water (10 mL) and cooling 
to ambient temperature, absorbance was recorded at 540 nm. 
Percent inhibition was calculated according to Equation (7). Acar-
bose was used as the positive control. The IC50 value was defined 
as the RRTP concentration required to inhibit 50% of α-amylase 
activity. IC50 values were calculated from dose–response curves 
by plotting inhibition (%) against RRTP concentration and fitting 
the data by nonlinear regression.

r	 Statistical analysis 
Data were presented as mean and standard deviation (SD). Before 
analysis, the normality of the residuals and homogeneity of vari-
ances were assessed using the Shapiro-Wilk and Levene tests, 
respectively. When these assumptions were satisfied, differences 
among the RRTP samples were evaluated by one-way analysis 
of variance (ANOVA). Duncan’s multiple range test was used for 
multiple comparisons among samples, whereas the least signifi-
cant difference (LSD) test was used only for predefined pairwise 

comparisons. Differences were considered statistically significant 
at p<0.05, and all statistical tests were two-sided. Pearson correla-
tion analysis was performed to examine the relationships among 
chemical composition, structural parameters, physicochemical 
properties, antioxidant capacity, and digestive-enzyme inhibitory 
activity of RRTPs. Correlations were expressed as Pearson’s cor-
relation coefficients (r), with significance determined at p<0.05 
or p<0.01. Principal component analysis (PCA) was performed on 
standardized variables using the correlation matrix to visualize 
the overall relationships and differences among the RRTP sam-
ples. Statistical analyses were conducted using IBM SPSS Statistics 
23.0 (IBM Corp., Armonk, NY, USA), and figures were prepared 
using OriginPro 2021 (OriginLab Corp., Northampton, MA, USA). 

RESULTS AND DISCUSSION
r	 Yield and chemical composition of polysaccharides 

from Rosa roxburghii Tratt. fruits 
Substantial differences in extraction yield (3.29% to 4.64%, 
w/w) were observed among RRTPs from different production 
areas (Table 2). The highest yield was obtained for RRTP-LL, 
followed by RRTP-SN, RRTP-CJ, and RRTP-ZA, whereas the low-
est yields were recorded for RRTP-HZ and RRTP-QXG. Under 
the present sampling framework, these findings indicate 
marked source-associated heterogeneity among RRTPs from 
commercially-relevant producing areas. Because site-level 
environmental variables were not directly monitored, and all 
samples were collected from the same cultivar (‘Guinong 5’) 
within one harvest year, the observed differences are in-
terpreted here as comparative production-source variation 
rather than evidence of specific climatic or edaphic effects. 
The results highlight production-source-associated variability 
of practical relevance to raw-material selection and quality 
standardization.

Neutral sugar contents varied significantly among the RRTP 
samples, ranging from 57.32 to 66.59 g/ 100 g (Table 2). RRTP-LL 
and RRTP-SC contained the highest levels and did not dif-
fer significantly (p≥0.05) from each other, whereas RRTP-QXG 
and RRTP-SN constituted the lowest-content group. RRTP-ZA, 
RRTP-PZ, RRTP-CJ, and RRTP-HZ showed intermediate values with 
partially overlapping significance groups. The observed range 
is comparable to the carbohydrate content reported for a hot- 
-water-extracted RRT polysaccharide fraction (63.79 g/100 g) 
[Wang et al., 2018b] and to the range of 57.47–68.56 g/100 g 
observed in RRTPs obtained from fruits subjected to different 
drying treatments [Zhang et al., 2024]. These comparisons in-
dicate that the present samples fall within the compositional 
range previously reported for water-extractable RRT polysac-
charides, although direct quantitative comparisons should 
be made cautiously because raw-material pretreatment, ex-
traction, purification, and analytical procedures differ among 
studies. Protein contents were uniformly low, ranging from 
2.92 to 3.19 g/100 g, with no significant (p≥0.05) differences 
among the eight RRTP samples (Table 2). This result indicates 
a relatively small and consistent amount of co-extracted or 
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suggests a greater abundance of acidic carbohydrate com-
ponents. Given that uronic acid-rich pectic polysaccharides 
have been positively associated with antioxidant activities 
[Fernandes & Coimbra, 2023], the present data suggest that 
RRTPs from specific regions may possess enhanced functional 
properties and greater therapeutic potential.

r	 Structural features of polysaccharides from Rosa 
roxburghii Tratt. fruits 

r	 Monosaccharide composition
The monosaccharide profile of RRTPs was analyzed using HPAEC. 
Representative chromatograms are presented in Figure S1 (Sup-
plementary Materials), and the relative contents of identified 

retained protein. Uronic acid content displayed a broader range 
of 13.16–30.14 g/100 g and provided clearer compositional dif-
ferentiation among the RRTP samples. RRTP-CJ contained sig-
nificantly (p<0.05) more uronic acid than all the other samples. 
RRTP-LL, RRTP-PZ, RRTP-SC, and RRTP-ZA formed a statistically 
comparable intermediate group, followed by RRTP-HZ, whereas 
RRTP-QXG and RRTP-SN contained the lowest levels. Previous 
studies have reported a uronic acid content of 14.78 g/100 g 
in a hot-water-extracted RRT polysaccharide fraction [Wang et 
al., 2018a] and values of 15.46–22.16 g/100 g for RRTPs prepared 
from differently dried fruits [Zhang et al., 2024]. Thus, most 
of the present samples were within or close to the previously 
reported range, while the comparatively high value of RRTP-CJ 

Table 2. Extraction yields, chemical composition, monosaccharide profile, pectic structural parameters, average molecular weight, particle size, and zeta potential 
of polysaccharides from Rosa roxburghii Tratt. fruits (RRTP) collected in different producing areas of Guizhou Province in China.

Parameter RRTP-CJ RRTP-HZ RRTP-LL RRTP-PZ RRTP-QXG RRTP-SC RRTP-SN RRTP-ZA

Yield (%, w/w) 4.36±0.34ab 3.66±0.11cd 4.64±0.13a 4.04±0.22bc 3.29±0.35d 3.93±0.29c 4.40±0.38ab 4.28±0.16ab

Neutral sugar 
(g/100 g)

60.10±1.97b 59.35±0.43bc 66.59±2.11a 60.95±0.72b 57.32±0.67c 66.04±0.65a 57.74±0.42c 61.86±0.90b

Protein (g/100 g) 2.92±0.57a 3.19±0.14cd 3.01±0.27a 3.17±0.17bc 3.14±0.38d 3.09±0.30c 2.95±0.46ab 3.09±0.41ab

Uronic acid  
(g/100 g)

30.14±1.26a 19.03±0.56c 24.04±0.50b 23.51±1.17b 13.16±0.42d 23.83±0.76b 13.70±1.06d 23.48±0.95b

Monosaccharide composition (mol%)

Fuc 0.71±0.02ab 0.75±0.06a 0.74±0.02a 0.52±0.03d 0.63±0.03bc 0.71±0.06ab 0.79±0.08a 0.62±0.04c

Rha 4.65±0.10e 4.64±0.16e 5.12±0.17cd 5.13±0.13cd 5.47±0.09b 5.90±0.21a 4.88±0.19de 5.31±0.08bc

Ara 10.72±0.26e 17.81±0.70c 16.14±0.33d 16.80±0.63cd 23.64±0.97a 16.27±0.45d 20.81±0.55b 16.39±0.68d

Gal 26.22±0.64e 33.67±1.30c 30.45±0.62d 31.30±1.17d 41.59±1.71a 31.13±0.86d 37.33±0.99b 30.40±1.26d

Glc 4.63±0.11e 7.58±0.28b 6.43±0.17d 4.77±0.13e 2.51±0.07f 6.29±0.20d 8.32±0.27a 7.05±0.22c

Xyl 2.54±0.06d 3.24±0.12b 3.11±0.08b 2.81±0.09c 3.23±0.06b 3.14±0.17b 3.65±0.12a 2.51±0.07d

Man 0.81±0.02d 1.12±0.09b 1.02±0.03bc 0.92±0.07cd 1.01±0.05bc 1.32±0.11a 1.46±0.14a 1.42±0.04a

GalA 49.72±1.21a 31.19±1.48d 36.99±0.76bc 37.75±1.45b 21.92±0.90e 35.24±0.97c 22.76±0.63e 36.30±1.52bc

HG (mol%) 45.07±1.78a 26.55±1.24d 31.87±0.78b 32.62±1.42b 16.45±0.94e 29.34±1.01c 17.88±0.63e 30.99±1.39bc

RG-I (mol%) 46.24±0.72f 60.76±1.53c 56.83±0.78e 58.36±1.36de 76.17±1.97a 59.20±1.06cd 67.90±1.19b 57.41±1.44de

Rha/GalA 0.09±0.00e 0.15±0.01d 0.14±0.01d 0.14±0.01d 0.25±0.02a 0.17±0.01c 0.21±0.02b 0.15±0.00d

(Gal+Ara)/Rha 7.94±0.23d 11.09±0.50b 9.10±0.33c 9.38±0.35c 11.93±0.41a 8.03±0.28d 11.91±0.52a 8.81±0.30c

Molecular weight 
(kDa)

80.6±1.0e 135.0±3.5b 109.8±4.1c 97.3±1.9d 179.4±3.7a 97.0±1.7d 181.1±4.2a 77.8±1.3e

Particle size (nm) 613±15b 362±8e 507±14d 501±13d 492±13d 498±9d 554±4c 705±15a

Polydispersity 
index

0.204±0.013b 0.210 ±0.022b 0.209±0.010b 0.183±0.017c 0.255±0.011a 0.165±0.017c 0.225±0.018a 0.256±0.020a

Zeta potential 
(mV)

−20.8±0.2e −14.5±0.8b −18.7±0.4d −18.6±0.2d −12.5±0.7a −17.2±0.7c −12.8±0.1a −17.9±0.2cd

Values are presented as mean ± standard deviation (SD) (n=3). Different letters within the same row indicate significant differences among samples (p<0.05). Fuc, fucose; Rha, rhamnose; 
Ara, arabinose; Man, mannose; Gal, galactose; Glc, glucose; Xyl, xylose; GalA, galacturonic acid; HG, homogalacturonan; RG-I, rhamnogalacturonan-I. Sample codes are listed in Table 1.
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monosaccharides are shown in Table 2. All eight RRTP samples 
contained the same eight monosaccharides, namely Rha, Fuc, 
Glc, Man, Xyl, Ara, Gal, and GalA. Despite this qualitative similarity, 
significant differences in their molar proportions were observed 
among the samples from different production sites, particularly 
for Ara, Gal, and GalA (Table 2). RRTP-CJ exhibited the highest 
GalA content (49.72 mol%), whereas RRTP-QXG and RRTP-SN had 
the lowest (21.92 and 22.76 mol%, respectively). These trends 
paralleled the uronic acid content, thereby reinforcing the re-
gional structural heterogeneity of RRTPs. The predominance 
of GalA, Gal, and Ara – monosaccharides characteristic of pectic 
polysaccharides – indicated that RRTPs were primarily com-
posed of pectin-type structures. Generally, three main domains 
are distinguished in the pectin structure: homogalacturonan 
(HG), rhamnogalacturonan-I (RG-I), and rhamnogalacturonan-II 
(RG-II). HG consists mainly of linear chains of α-(1→4)-linked 
GalA residues that may be partially methyl-esterified or acety-
lated, whereas RG-I contains an alternating Rha–GalA backbone 
bearing Ara- and Gal-rich side chains [Voragen et al., 2009]. Quan-
titative analysis revealed that RG-I constituted a substantial por-
tion of the RRTPs, ranging from 46.24 to 76.17 mol% (Table 2). 
The highest RG-I contents were found in RRTP-QXG (76.17 mol%) 
and RRTP-SN (67.90 mol%), whereas RRTP-CJ exhibited the low-
est value (46.24 mol%).

The Rha/GalA and (Ara + Gal)/Rha ratios were further cal-
culated as compositional indicators of the relative contribution 
of RG-I backbone residues and the abundance of Ara- and Gal- 
-containing side chains, respectively [Dimopoulou et al., 2019]. 
The Rha/GalA ratios of all RRTPs ranged from 0.09 to 0.25, con-
sistent with the range of 0.05–1.00 commonly reported for 
RG-I-containing pectins [Schols & Voragen, 1996]. RRTP-QXG had 
the highest Rha/GalA ratio, whereas RRTP-QXG and RRTP-SN had 
the highest (Ara+Gal)/Rha ratios. In contrast, RRTP-CJ showed 
the lowest values for both indices and the highest estimated 
HG proportion (45.07 mol%), indicating a comparatively greater 
contribution of GalA-rich, less-branched regions. Together, these 
results demonstrate clear source-associated differences in mono-
saccharide composition and pectic domain distribution among 
RRTPs. RRTP-CJ had an elevated HG content and a relatively linear 
conformation, while RRTP-QXG exhibited the most extensive 
RG-I branching. Despite these architectural distinctions, all sam-
ples maintained high pectin purity. Such structural heterogeneity 
is expected to influence the physicochemical and functional 
properties of the polysaccharides and is therefore relevant to 
their targeted utilization in food and nutraceutical applications.

r	 Molecular weight distribution
To evaluate source-associated variation, the molecular-weight 
characteristics of RRTPs from eight producing areas were ana-
lyzed by HPGPC. Calibration was performed using a dextran- 
-based standard curve (Figure S2 in Supplementary Materi-
als). Each chromatogram of RRTP separations showed a single 
dominant, near-Gaussian peak (Figure 1A), suggesting a rela-
tively narrow apparent molecular weight distribution within 

each RRTP preparation. However, shifts in the retention time 
of the main peak were observed among samples, indicating 
significant differences in average molecular weight, which 
ranged from 77.8 to 181.1 kDa (Table 2). For comparison, the av-
erage molecular weights of R. roxburghii fruit polysaccharides 
obtained by hot-water, saline, alkaline, and citric-acid extraction 
were previously reported to range from 80.53 to 97.22  kDa 
[Chen et al., 2025]. The lower molecular weights observed 
in the present study were comparable to this range, whereas 
RRTP-LL, RRTP-HZ, RRTP-QXG, and RRTP-SN exhibited higher 
values. In turn, the average molecular weights observed here 
were lower than the value of 513.02 kDa reported for water-sol-
uble polysaccharides from R. roxburghii by Wang et al. [2018b]. 
Therefore, the difference may be attributable to the varia-
tion in fruit material, extraction and post-extraction process-
ing, which can influence the molecular-weight distribution 
of the recovered polysaccharides. Among the analyzed sam-
ples, RRTP-ZA and RRTP-CJ displayed the lowest average mo-
lecular weights (77.8 kDa and 80.6 kDa, respectively), whereas 
RRTP-QXG and RRTP-SN exhibited the highest values (179.4 kDa 
and 181.1 kDa, respectively). The higher average molecular 
weights of RRTP-QXG and RRTP-SN coincided with their higher 
Ara and Gal proportions and higher (Gal+Ara)/Rha ratios. This 
association is structurally plausible because the controlled en-
zymatic removal of specific pectic domains, including arabinan 
and galactan side chains, has been shown to progressively 
decrease the molecular weight of RG-I-rich citrus pectin [Wu 
et al., 2020]. Overall, these findings demonstrate clear source- 
-associated differences in molecular-weight profiles among 
RRTPs, further supporting substantial supramolecular hetero-
geneity among samples from different producing areas.

r	 Fourier transform infrared spectroscopic characterization
Fourier-transform infrared spectroscopy was employed to iden-
tify the functional groups and backbone features of the RRTPs. 
The spectra of all eight samples showed a high degree of overlap 
(Figure 1B), indicating broadly similar functional-group profiles 
among the production sources. A broad, intense absorption 
band at 3,273 cm−1 was attributed to O–H stretching vibrations, 
while a peak at 2,922 cm−1 corresponded to aliphatic C–H stretch-
ing, confirming the polysaccharidic nature of the samples [Chen 
et al., 2025]. Signals at 1,734 cm−1 and 1,603 cm−1 were assigned 
to ester carbonyl stretching and asymmetric stretching of ionized 
carboxylate groups, respectively [Synytsya et al., 2003], which 
is the evidence for the presence of galacturonic acid residues. 
Weaker bands near 1,418 cm−1 and 1,370 cm−1 were consist-
ent with C–H bending vibrations. In the range of 1,300–800 
cm−1, multiple diagnostic peaks were identified: 1,234 cm−1 
and 1,067 cm−1 were attributed to C–O and C–O–C stretching vi-
brations; 1,012 cm−1 reflected C–O–H bending of pyranose rings 
[Kacŭráková et al., 2000]. A distinctive band at 824 cm−1 indicated 
α-glycosidic linkages [Barker et al., 1954]. Overall, the similar spec-
tra support the presence of a common pectic-polysaccharide 
framework in all RRTPs.
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r	 Structural characterization
XRD analysis was conducted to qualitatively and semi-quantita-
tively evaluate the solid-state organization of RRTPs across amor-
phous, semicrystalline, and crystalline regions. The diffraction 
profiles of the eight RRTP samples are shown in Figure S3 in Sup-
plementary Materials. All samples exhibited broad halos centered 
around ~22° (2θ), without sharp Bragg reflections, indicating 
a predominantly amorphous microstructure. A minor exception 
was observed for RRTP-QXG, which displayed weak and broad-
ened features near ~12° and ~22° (2θ), suggestive of localized 
short-range ordering within an otherwise disordered matrix. 
Although the positions of these diffuse features, and hence 
the associated d-spacings, were largely conserved in all samples, 
variations in peak widths and intensities caused crystallinity 
indices (CrI) to vary from 11.7% to 32.1% (Figure 1C). The highest 
CrI was recorded for RRTP-QXG. This relatively high CrI may reflect 

more regular packing of some polysaccharide chains, resulting 
in localized short-range ordered domains within the predom-
inantly amorphous matrix. Similar broad XRD profiles, charac-
terized by diffuse diffraction features at approximately 20–23° 
and the absence of prominent sharp reflections, have previously 
been reported for polysaccharides extracted from R. roxburghii 
fruit [Chen et al., 2025; Zhang et al., 2024].

r	 Particle size and zeta-potential
Particle size and zeta-potential distributions of the RRTP samples 
were shown in Figure S4 in Supplementary Materials, while 
average values are summarized in Table 2. All samples exhib-
ited unimodal yet relatively broad particle size distributions, 
indicating compositional homogeneity within each prepara-
tion while also suggesting a general tendency toward aggrega-
tion. RRTP-ZA exhibited the largest particle diameter (705 nm), 
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followed by RRTP-CJ (613 nm) and RRTP-SN (554 nm). RRTP-LL, 
RRTP-PZ, RRTP-SC, and RRTP-QXG showed statistically compara-
ble particle sizes, whereas RRTP-HZ had the smallest diameter 
(362 nm). Notably, RRTP-ZA and RRTP-CJ displayed relatively large 
hydrodynamic diameters despite their low average molecular 
weights (77.8 and 80.6 kDa, respectively). This pattern may be 
associated with differences in the organization of their pectic 
domains. Both samples had comparatively low RG-I contents 
(57.41 and 46.24 mol%, respectively) and low (Gal+Ara)/Rha ratios 
(8.81 and 7.94, respectively), indicating a relatively limited contri-
bution of Ara- and Gal-rich neutral side chains. The composition 
and length of RG-I side chains have been shown to influence 
pectin hydration, while enzymatic removal of arabinose residues 
can enhance intermolecular association and aggregation [Kacz-
marska et al., 2024; Larsen et al., 2011]. Therefore, the less extensive 
neutral side chains of RRTP-ZA and RRTP-CJ may provide weaker 
hydration and steric shielding, allowing closer intermolecular 
contacts and the formation of larger hydrodynamic assemblies. 
In contrast, RRTP-HZ, RRTP-QXG, and RRTP-SN exhibited higher 
estimated RG-I contents and/or (Gal+Ara)/Rha ratios, suggesting 
more extensive neutral side-chain structures that may enhance 
hydration and steric separation between polysaccharide chains. 
This structural feature may partly account for their smaller particle 
dimensions relative to their apparent molecular weights.

Zeta-potential measurements showed net negative surface 
charges across all RRTPs, ranging from −12.5 mV (RRTP-QXG) to 
−20.8 mV (RRTP-CJ) (Table 2 and Figure S4B in Supplementary 
Material). RRTP-CJ exhibited the most negative zeta potential, 
whereas RRTP-QXG and RRTP-SN showed the lowest absolute 
values and did not differ significantly (p≥0.05) from each other. 
The negative charge of these polysaccharides was mainly attribut-
able to the dissociation of carboxyl groups in GalA-containing pec-
tic domains. Consistent with its relatively high uronic acid content, 
RRTP-CJ possessed a greater negative surface charge, indicating 
stronger electrostatic repulsion between dispersed polysaccha-
ride particles [Lutz et al., 2009]. In addition to uronic acid content, 
differences in the accessibility and ionization of carboxyl groups, 
as well as the molecular conformation of the polysaccharides, may 
also contribute to the variation in zeta potential among the RRTP 
samples. An absolute zeta potential of approximately 30 mV is 
commonly regarded as an empirical boundary for dispersions 
stabilized predominantly by electrostatic repulsion [Uskoković, 
2012]. The absolute zeta-potential values of all RRTP samples 
were below this level, indicating relatively limited electrostatic 
stabilization and a tendency toward intermolecular association 
in aqueous solution. Among the samples, the more negative zeta 
potential of RRTP-CJ may nevertheless provide comparatively 
stronger electrostatic repulsion and better dispersion stability.

r	 Thermal properties
Thermogravimetric analysis reflects the thermal stability of RRTPs, 
which is an important parameter for evaluating their suitability 
as functional food ingredients. The TG and DTG curves are pre-
sented in Figure 2. Heating from 25 to 800°C revealed three 

distinct stages of thermal degradation. Stage I corresponded 
to the evaporation of free and bound water and accounted for 
11.9% to 15.6% of mass loss. The highest moisture losses were 
observed for RRTP-SN (15.6%), RRTP-PZ (15.2%), and RRTP-HZ 
(15.1%), while RRTP-CJ (11.9%) and RRTP-QXG (12.0%) exhibited 
the lowest losses, reflecting differences in water-binding capac-
ity. Stage II represented the principal decomposition phase, 
characterized by cleavage of glycosidic linkages and degrada-
tion of polysaccharide side chains [Aburto et al., 2015]. RRTP-SC, 
RRTP-PZ, and RRTP-QXG showed the lowest peak decomposition 
rates (−6.12%, −5.62%, and −5.55%/min, respectively), indicat-
ing greater thermal resilience than the other samples. Stage III 
involved the breakdown of more recalcitrant structures, including 
C–O bond cleavage and terminal disruption of the glycosidic 
backbone [Aburto et al., 2015]. RRTP-ZA and RRTP-CJ exhib-
ited the greatest mass losses during this phase, consistent with 
lower structural resistance under high thermal stress. Among 
all samples, RRTP-CJ demonstrated the lowest overall thermal 
stability. Despite exhibiting the highest onset temperature for 
stage II degradation (188.2°C), it incurred the largest stage II 
mass loss (67.3%), the greatest cumulative loss (84.1%), and re-
tained the lowest residual mass (15.9%) at 800°C. In contrast, 
RRTP-QXG exhibited superior thermal resistance, with a relatively 
lower peak decomposition rate, the smallest total mass loss 
(73.5%), and the highest residual mass at terminal temperature. 
These thermal behaviors were closely associated with structural 
characteristics. A higher molecular weight, a high RG-I con-
tent, and greater side-chain complexity, reflected by elevated 
(Gal+Ara)/Rha ratios, have been reported to enhance thermal 
stability in pectic polysaccharides [Deng et al., 2020]. RRTP-QXG, 
which exhibited the highest values of these parameters, showed 
the greatest thermal stability, whereas RRTP-CJ, with compara-
tively lower values, was the least stable. Collectively, these find-
ings indicate that the thermal performance of RRTPs is governed 
primarily by molecular architecture, especially molecular weight 
distribution and branching complexity. Understanding these 
structure–property relationships is important for evaluating 
RRTPs from different production areas and for guiding their 
targeted utilization in food systems requiring specific thermal 
tolerance.

r	 Antioxidant capacity of polysaccharides from Rosa 
roxburghii Tratt. fruits 

Plant polysaccharides have been repeatedly shown to act as 
antioxidants [Fernandes & Coimbra, 2023]. To evaluate the anti-
oxidant capacity of RRTPs obtained from fruits collected in eight 
geographically distinct regions, they were subjected to four 
in vitro antioxidant assays, in which scavenging activity against 
DPPH•, ABTS•+ and O2•−, and ability to chelate ferrous-ions were 
determined. All RRTP samples exhibited a concentration-depen-
dent increase in DPPH radical scavenging activity (Figure 3A). 
The IC50 values revealed the following order of antioxidant ca-
pacity: RRTP-CJ > RRTP-SC = RRTP-PZ > RRTP-LL ≥ RRTP-ZA ≥ 
RRTP-HZ > RRTP-QXG > RRTP-SN. Notably, RRTP-CJ achieved 
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Figure 2. Thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of polysaccharides from Rosa. roxburghii Tratt. fruits (RRTP) collected in different 
producing areas of Guizhou Province in China including Sinan, RRTP-SN (A); Hezhang, RRTP-HZ (B); Longli, RRTP-LL (C); Panzhou, RRTP-PZ (D); Shuicheng, 
RRTP-SC (E); Qixingguan, RRTP-QXG (F); Congjiang, RRTP-CJ (G), and Zheng’an, RRTP-ZA (H).
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Figure 3. Antioxidant capacity of polysaccharides from Rosa roxburghii Tratt. fruits (RRTP) collected in different producing areas of Guizhou Province in China, 
determined as DPPH• scavenging activity (A), ABTS•+ scavenging activity (B), O2

•– scavenging activity (C), and Fe²+-chelating activity (D). Left graphs show 
RRTP concentration-dependent curves, and the right graphs show the half-maximal inhibitory concentration (IC50) for the radical-scavenging assays (A–C) 
and the half-maximal effective concentration (EC50) for the Fe2+-chelating assay (D). IC50 or EC50 values not sharing a common letter differ significantly (p<0.05). 
DPPH•, 2,2-diphenyl-1-picrylhydrazyl radical; ABTS•+, 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) radical cation. Sample codes are listed in Table 1.
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94.22% inhibition at 2.5 mg/mL. However, its IC50 (0.394 mg/mL) 
remained significantly (p<0.05) higher than that of ascorbic 
acid (0.131 mg/mL), indicating its lower antioxidant capacity 
compared to a standard antioxidant. No statistically significant 
differences (p≥0.05) were detected between several sample pairs, 
including RRTP-PZ and RRTP-SC (IC50 of 0.451 vs. 0.449 mg/mL, 
respectively), RRTP-LL and RRTP-ZA (0.544 vs. 0.550 mg/mL, re-
spectively), and RRTP-HZ and RRTP-ZA (0.586 vs. 0.550 mg/mL, 
respectively). RRTP-LL yielded 85.70% DPPH radical scavenging 
at 2.5 mg/mL, comparable to the 84.4% scavenging activity re-
ported at 2.0 mg/mL for a polysaccharide preparation obtained 
from dried R. roxburghii fruit by ultrasound-assisted enzymatic 
extraction [Jiao et al., 2025]. Similarly, the 79.01% scavenging ac-
tivity observed for RRTP-QXG at 2.5 mg/mL was within the range 
reported for R. roxburghii fruit polysaccharide samples obtained 
by hot-water, saline, citric-acid, and alkaline extraction (73.77– 
–82.22% at 4.0 mg/mL) [Chen et al., 2025]

The ABTS assay revealed a clear dose-dependent scaveng-
ing effect across all RRTPs (Figure 3B). At 2.5 mg/mL, inhibition 
ranged from 87.27% to 97.56%, with RRTP-CJ exhibiting the high-
est activity. The order of RRTP samples with decreasing antiox-
idant capacity was as follows: RRTP-CJ = RRTP-LL = RRTP-SC = 
= RRTP-PZ > RRTP-ZA > RRTP-HZ > RRTP-QXG = RRTP-SN. Al-
though RRTP-CJ exhibited the highest ABTS•+ scavenging activity 
among the RRTPs, its IC50 remained higher than that of ascorbic 
acid (0.0331 mg/mL, p<0.05). RRTP-LL, RRTP-SC, and RRTP-PZ ex-
hibited IC50 values of 0.359, 0.375, and 0.382 mg/mL, respectively, 
with no significant differences among them (p≥0.05).

All RRTP samples exhibited superoxide scavenging activity 
in a concentration-dependent manner (Figure 3C). Based on IC50 
values, their scavenging efficiency ranked as follows: RRTP-CJ > 
> RRTP-PZ > RRTP-LL > RRTP-SC = RRTP-ZA > RRTP-HZ >  
> RRTP-QXG > RRTP-SN. While RRTP-CJ consistently demonstrat-
ed superior activity relative to other RRTPs, its IC50 remained high-
er than that of ascorbic acid (0.0807 mg/mL, p<0.05), consistent 
with results from the DPPH and ABTS assays.

Because transition metals catalyze hydroxyl radical produc-
tion, the ability of RRTPs to chelate ferrous ion was also exam-
ined, and respective results are shown in Figure 3D. Chelating 
activity increased with increasing polysaccharide concentration 
(0.25–2.5 mg/mL). RRTP-CJ exhibited the highest chelating ac-
tivity, achieving significant efficacy even at 1.0 mg/mL. In con-
trast, RRTP-QXG and RRTP-SN required concentrations exceeding 
2.0 mg/mL to attain comparable activity. Consistent with these 
concentration–response profiles, RRTP-CJ had the lowest EC50 
among the RRTP samples (0.671 mg/mL), indicating the strongest 
Fe2+-chelating capacity, although it was less effective than EDTA 
(EC50 = 0.298 mg/mL; p<0.05). RRTP-SC and RRTP-LL showed com-
parable activities, with EC₅₀ values of 0.766 and 0.794 mg/mL, re-
spectively. RRTP-PZ exhibited an intermediate EC50 of 0.799 mg/mL 
and did not differ significantly (p≥0.05) from RRTP-SC, RRTP-LL, 
or RRTP-ZA (0.847 mg/mL). RRTP-HZ showed weaker activity, 
with an EC50 of 0.961 mg/mL, while RRTP-SN and RRTP-QXG 
had the highest EC50 values (1.069 and 1.084 mg/mL, respec-
tively) and did not differ significantly (p≥0.05) from each other. 

Collectively, antioxidant capacity of RRTPs varied significantly 
with fruit geographic origin, and RRTP-CJ consistently exhibited 
the greatest efficacy across all assays.

r	 In vitro inhibitory effect of polysaccharides from Rosa 
roxburghii Tratt. fruits on glycemic-related digestive 
enzymes

r	 Inhibition of digestive carbohydrase activity
In this study, RRTPs collected from eight major production areas 
in Guizho were evaluated for their inhibitory effects on α-amylase 
and α-glucosidase, with acarbose serving as a pharmaceutical 
benchmark. All RRTP samples demonstrated concentration-
dependent inhibition of α-amylase, with activities at 7.0 mg/mL 
ranging from 52.45% (RRTP-SN) to 79.64% (RRTP-CJ) (Figure 4A). 
Based on the IC50 values, the analyzed samples were ranked 
as follows: RRTP-CJ (2.425 mg/mL) < RRTP-ZA (3.175 mg/mL) 
< RRTP-LL (4.189 mg/mL) <RRTP-PZ (4.497 mg/mL) <RRTP-SC 
(5.068  mg/mL) < RRTP-HZ (5.441 mg/mL) < RRTP-QXG 
(5.817 mg/mL) = RRTP-SN (5.971 mg/mL). All RRTP samples had 
higher IC50 values than acarbose, indicating weaker α-amylase 
inhibition under the assay conditions. In contrast, the RRTPs 
showed stronger inhibition of α-glucosidase, yielding 67.73– 
–92.46% inhibition at 7.0 mg/mL compared with 66.49% de-
termined for acarbose (Figure  4B). Based on the IC50 values, 
they were ranked as follows: RRTP-CJ (0.747 mg/mL) < RRTP-ZA 
(0.826 mg/mL) < RRTP-LL (1.022 mg/mL) < RRTP-PZ (1.101 mg/mL) 
< RRTP-SC (1.434 mg/mL) < RRTP-SN (1.655 mg/mL) < RRTP-HZ 
(1.787  mg/mL) < RRTP-QXG (2.035 mg/mL) < acarbose 
(2.873 mg mL). The stronger inhibition of α-glucosidase than 
α-amylase observed for the RRTPs was consistent with previous 
findings for R.  roxburghii fruit polysaccharides obtained using 
different extraction solvents, which showed IC50 values of 0.494– 
–1.234 mg/mL against α-glucosidase and 0.758–2.003 mg/mL 
against α-amylase [Chen et al., 2025]. The excellent inhibitory 
activity of RRTP-CJ and RRTP-ZA may be due to their relatively 
small molecular weight, a higher galacturonic acid content, 
and longer chains, which enhance their interaction with enzyme 
active sites [Zhang et al., 2025b].

r	 Kinetics of α-glucosidase inhibition
Lineweaver-Burk plots of α-glucosidase inhibition by RRTPs are 
shown in Figure S5 in Supplementary Materials. For each RRTP, 
three inhibitor concentrations generated straight lines inter-
secting in the third quadrant, indicating a mixed-type mode 
of inhibition. Increasing polysaccharide concentrations reduced 
both Vmax and Km (Table 3), consistent with simultaneous binding 
to both the free enzyme (E) and the enzyme-substrate complex 
(ES). Secondary replots yielded apparent dissociation constants, 
Ki (E-I) and Kis (ES-I) (Figure S6 in Supplementary Materials). For 
all RRTPs, Kis<Ki (ratios 0.19–0.60), indicating preferential binding 
to the ES complex and a predominant non-competitive inhibi-
tion component [Zhang et al., 2025a]. Among all preparations, 
RRTP-CJ displayed the strongest association (Kis = 0.336 mg/mL; 
Kis/Ki = 0.190) and the lowest IC50, substantiating its position as 
the most potent inhibitor in this series. While all RRTPs moderated 
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digestive carbohydrase activity, the preparation from Congjiang 
(RRTP-CJ) consistently outperformed others, exhibiting potent 
α-glucosidase inhibition through a predominantly non-compet-
itive, mixed-type mechanism. Given their additional antioxidant 
activity, RRTP-CJ, and to a lesser extent RRTP-ZA and RRTP-LL, 
emerge as promising functional ingredients for the dietary man-
agement of type 2 diabetes.

r	 Interplay between structural attributes and bioactivity
Pearson correlations were employed to elucidate the phys-
icochemical determinants underlying the antioxidant capac-
ity and digestive carbohydrase activity inhibition of the eight 
RRTP preparations (Figure 5A). Uronic acid content emerged as 

the most potent positive predictor, exhibiting strong and signifi-
cant correlations (p<0.01) with antioxidant capacity (all assays) 
and enzyme-inhibitory activity. Average molecular weight was 
significantly negatively correlated with the IC50 or EC50 values 
obtained from the antioxidant and enzyme-inhibition assays 
(p<0.01), indicating that the RRTPs with higher average molecular 
weights generally exhibited stronger bioactivities. The archi-
tecture of pectic domains further modulated bioactivity: HG 
content correlated positively with antioxidant capacity and in-
hibitory activity (p<0.05), while RG-I, Rha/GalA, and Gal+Ara)/Rha 
ratios correlated negatively with these activities (p<0.05). Sig-
nificant associations were also observed for the molar fractions 
of arabinose, galactose, xylose, and galacturonic acid (p<0.01), 

A

B

20

40

60

80

100

0

4

Concentration (mg/mL)

621 5 7

α-
Am

yl
as

e 
ac

tiv
ity

 in
hi

bi
tio

n 
(%

)

0.00

0.08

2

3

4

f

c

d

h

e

b

aa

g

5

0.06

0.04

0.02

6

3
RRTP-SNRRTP-HZRRTP-CJ RRTP-SCRRTP-PZRRTP-LL RRTP-ZA AcarboseRRTP-QXG

RRTP-SN

RRTP-HZ

RRTP-CJ

RRTP-SC

RRTP-PZ

RRTP-LL

RRTP-ZA

Acarbose

RRTP-QXG

IC
50

 (m
g/

m
L)

20

40

60

80

100

4

Concentration (mg/mL)

621 5 7

α-
G

lu
co

sid
as

e 
ac

tiv
ity

 in
hi

bi
tio

n 
(%

)

3

RRTP-SN

RRTP-HZ

RRTP-CJ

RRTP-SC

RRTP-PZ

RRTP-LL

RRTP-ZA

Acarbose

RRTP-QXG

0.0

1.0

1.5

2.0

f

c

d

h

e

b

a

i

g

2.5

0.5

3.5

3.0

RRTP-SNRRTP-HZRRTP-CJ RRTP-SCRRTP-PZRRTP-LL RRTP-ZA AcarboseRRTP-QXG

IC
50

 (m
g/

m
L)

Figure 4. Inhibitory effects of polysaccharides from Rosa roxburghii Tratt. fruits (RRTP) collected in different producing areas of Guizhou Province in China on 
α-amylase activity (A) and α-glucosidase activity (B). Left graphs show RRTP concentration-dependent curves, and the right graphs show half-maximal inhibitory 
concentration (IC50). IC50 values not sharing a common letter differ significantly (p<0.05). Sample codes are listed in Table 1.
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highlighting the multifactorial nature of structure-activity rela-
tionships within this polysaccharide series.

The antioxidant and enzyme-inhibitory activities of polysac-
charides are jointly influenced by uronic acid content, molecular 
weight, and monosaccharide composition. Radical scavenging 
by bioactive polysaccharides generally occurs through elec-
tron transfer or hydrogen-atom donation. In uronic acid-rich 
polysaccharides, carboxyl groups may contribute to radical 
scavenging and metal-ion chelation [Chen et al., 2019], consist-
ent with the close association between uronic acid content 

and antioxidant activity observed in the present study. Molecular 
weight can also affect antioxidant activity by altering the ac-
cessibility of reactive groups. In some polysaccharide systems, 
controlled depolymerization generates additional reducing ends 
and consequently enhances radical-scavenging activity [Qi et al., 
2005; Zhang et al., 2019]. However, the effect of molecular weight 
is dependent on the overall molecular architecture and should 
therefore be considered together with monosaccharide compo-
sition and pectic-domain structure. Digestive enzyme inhibition 
may involve direct association between polysaccharide chains 

Table 3. Kinetic parameters of α-glucosidase inhibition by polysaccharides from Rosa roxburghii Tratt. fruits (RRTP) collected in different producing areas of Guizhou 
Province in China.

Sample RRTP (mg/mL) Inhibition type Km (mM) Vmax (∆A405/min) Ki (mg/mL) Kis (mg/mL) Kis/Ki

RRTP-CJ

0

Mixed-type

3.515 0.143

1.765 0.336 0.1903 1.618 0.0392

5 1.191 0.0141

RRTP-HZ

0

Mixed-type

3.528 0.148

10.712 5.879 0.5493 2.987 0.104

5 2.788 0.0841

RRTP-LL

0

Mixed-type

3.572 0.140

4.054 1.125 0.2783 2.138 0.0603

5 1.652 0.0328

RRTP-PZ

0

Mixed-type

3.553 0.144

5.604 1.634 0.2913 2.279 0.0718

5 1.783 0.0419

RRTP-QXG

0

Mixed-type

3.583 0.147

11.087 6.658 0.6003 3.224 0.117

5 3.022 0.092

RRTP-SC

0

Mixed-type

3.493 0.151

7.254 2.434 0.3363 2.558 0.0857

5 2.062 0.0541

RRTP-SN

0

Mixed-type

3.522 0.144

9.940 4.023 0.4053 2.951 0.104

5 2.460 0.0724

RRTP-ZA

0

Mixed-type

3.571 0.146

2.738 0.604 0.2213 1.770 0.0450

5 1.354 0.0206

Km, Michaelis constant; Vmax, maximum reaction velocity; Ki, dissociation constant for the enzyme-inhibitor complex; Kis, dissociation constant for the enzyme-inhibitor-substrate complex. 
Sample codes are listed in Table 1.
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Figure 5. Multivariate analysis of structure-activity relationships among polysaccharides from Rosa roxburghii Tratt. fruits (RRTP) collected in different producing 
areas of Guizhou Province in China: Pearson correlation heatmap (A) and principal component analysis (PCA) loading plot (B).
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and the enzyme proteins. A purified acidic polysaccharide from 
R. roxburghii fruit was previously shown to bind α-glucosidase 
and induce conformational changes in the enzyme [Wang et 
al., 2018a]. The hydroxyl and carboxyl groups of acidic polysac-
charides may contribute to these interactions through hydrogen 
bonding and electrostatic forces. Among the eight samples, 
RRTP-CJ was distinguished by its high uronic acid content and HG 
proportion. These compositional characteristics, together with 
its molecular-weight distribution, may jointly account for its 
strong radical-scavenging and carbohydrase-inhibitory activi-
ties. Accordingly, RRTP-CJ represents a promising candidate for 
further evaluation as an antioxidant and glucose-modulating 
functional food ingredient.

PCA was applied to the comprehensive structural and func-
tional dataset for polysaccharides isolated from RRTs from eight 
cultivation areas in Guizhou. Two orthogonal components 
accounted for 80.8% of the cumulative variance (PC1 = 69.9%; 
PC2 = 10.9%) (Figure 5B). PC1 mainly reflected the associa-
tion between pectic structural characteristics and bioactivity. 
Average molecular weight, the RG-I-related indices (Rha/GalA 
and (Gal+Ara)/Rha), the IC50 values for DPPH•, ABTS•+, O2•– scav-
enging activities and α-amylase and α-glucosidase inhibition, 
and the EC50 value for Fe2+-chelating activity were located on 
the positive side of PC1. In contrast, total uronic acid, galactu-
ronic acid, and HG content were located on its negative side. 
Because lower IC50 or EC50 values indicate stronger activity, 
this distribution suggests that RRTP samples rich in uronic acid 
and HG generally exhibited stronger antioxidant and digestive-
enzyme inhibitory activities, whereas higher molecular weight 
and more pronounced RG-I-related characteristics were associ-
ated with weaker activities. PC2 captured secondary variation 
in particle and thermal properties. Particle diameter, total mass 
loss, and mannose content loaded positively on PC2, whereas 
zeta potential and protein content loaded negatively. PC2 
therefore differentiated the RRTP samples primarily accord-
ing to their particle size, thermal behavior, surface charge, 
and protein content.

PCA distinguished the RRTP samples mainly along a struc-
ture-bioactivity axis. Samples such as RRTP-CJ and RRTP-ZA were 
associated with lower molecular weight, higher galacturonic-
acid-related characteristics, and lower IC50 values in antioxidant 
and enzyme-inhibition assays, whereas RRTP-QXG and RRTP-
SN were associated with higher molecular weight, more pro-
nounced RG-I branching features, and weaker in vitro activities. 
These results support the conclusion that pectic domain distribu-
tion and molecular size were the major contributors to the ob-
served functional differences among RRTPs. Importantly, the PCA 
results describe associations within the present comparative 
dataset and should not be interpreted as direct evidence for 
specific environmental drivers. From an application perspective, 
the superior profile of RRTP-CJ suggests that this source may be 
more suitable for the development of functional ingredients with 
antioxidant and digestive enzyme inhibitory potential, whereas 
samples with weaker activity may require further processing or 
structural modification before targeted utilization.

CONCLUSIONS
This study comparatively characterized polysaccharides extract-
ed from R. roxburghii fruits collected from eight major produc-
tion areas in Guizhou Province, China, under a shared cultivar 
background. Marked differences were observed in uronic acid 
content, pectic domain composition, molecular weight, phys-
icochemical properties, antioxidant capacity, and inhibitory 
activity against α-amylase and α-glucosidase. RRTP-CJ showed 
the most favorable overall profile, combining lower molecu-
lar weight and higher galacturonic-acid-related characteristics 
with stronger in vitro antioxidant capacity and lower IC50 values 
for α-amylase and α-glucosidase inhibition. Kinetics analysis 
further demonstrated that all RRTPs inhibited α-glucosidase 
through a mixed-type mode with a predominant non-compet-
itive component, as evidenced by their preferential binding to 
the enzyme-substrate complex (Kis<Ki), with RRTP-CJ showing 
the strongest inhibitory interaction. Correlation and multivariate 
analyses further indicated that lower molecular weight, higher 
homogalacturonan-related features, and higher uronic acid 
content were associated with improved bioactivity, whereas 
more extensive RG-I branching was generally associated with 
weaker effects. These findings provide comparative evidence 
of source-associated heterogeneity among commercially rel-
evant R. roxburghii materials from Guizhou and offer a practical 
basis for raw-material selection, standardization, and targeted 
utilization in functional food and nutraceutical applications. 
Because the present study was conducted within one cultivar 
and one harvest year and did not include direct site-level envi-
ronmental measurements, the observed differences should be 
interpreted as comparative production-source variation rather 
than direct environmental causation. To improve the broader 
applicability of these findings, future studies should incorpo-
rate cross-provincial and multi-year sampling, direct monitor-
ing of site-level environmental variables, and in vivo functional 
validation to further clarify the factors contributing to source-
associated variation and to support more robust raw-material 
evaluation and industrial standardization.
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Figure S1. High-performance anion-exchange chromatography 
(HPAEC) separations showing the monosaccharide composition 
of polysaccharides from Rosa roxburghii Tratt. fruits (RRTP) col-
lected in different producing areas of Guizhou Province in China. 
Figure S2. High-performance gel permeation chromatography 
(HPGPC) separations of molecular-weight standards and corre-
sponding molecular-weight calibration curve. Figure S3. X-ray 
diffraction (XRD) patterns of polysaccharides from Rosa rox-
burghii Tratt. fruits (RRTP) collected in different producing areas 
of Guizhou Province in China. Figure S4. Colloidal properties 
of polysaccharides from Rosa roxburghii Tratt. fruits (RRTP) col-
lected in different producing areas of Guizhou Province in China: 
Particle-size distribution (A) and zeta-potential distribution (B). 
Figure S5. Lineweaver–Burk plots for α-glucosidase inhibition 
by polysaccharides from Rosa roxburghii Tratt. fruits (RRTP) col-
lected in different producing areas of Guizhou Province in China 
including Congjiang, RRTP-CJ (A); Hezhang, RRTP-HZ (B); Longli, 
RRTP-LL (C); Panzhou, RRTP-PZ (D); Qixingguan, RRTP-QXG (E); 
Shuicheng, RRTP-SC (F); Sinan, RRTP-SN (G); and Zheng’an, RRTP-
ZA (H). Figure S6. Secondary replots for the determination of in-
hibition constants: Slope versus inhibitor concentration for Ki 
determination (A) and intercept versus inhibitor concentration 
for Kis determination (B). Ki, dissociation constant for the enzyme-
inhibitor complex; Kis, dissociation constant for the enzyme-
inhibitor-substrate complex.
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This study investigated the effects of citric acid, ultrasound, ethanol solution, freeze-thawing, and blanching pretreatments 
and their combinations on quality parameters, phenolic profile, antioxidant activity, phenolic bioaccessibility, and α-glucosidase 
inhibitory activity of quince slices dried by vacuum-combined infrared radiation. Drying time was significantly shortened 
when pretreatments were applied, especially their combinations. The pretreatment combinations also resulted in a decreased 
rehydration ratio of the samples and high L* values. The pretreatments increased the contents of chlorogenic, neochlorogenic, 
and cryptochlorogenic acids, decreased rutin content, and resulted in variable amounts of procyanidins B1 and B2. 5-Hydro
xymethylfurfural was detected in dried quince slices pretreated with citric acid (61.3 mg/kg DM), ultrasounds (9.2 mg/kg DM), 
freezing-thawing (62.4 mg/kg DM), and blanching (4.3 mg/kg DM). The total phenolic, total flavonoid, and condensed tannin 
contents and antioxidant activity decreased after in vitro gastrointestinal digestion. Lower phenolic bioaccessibility was found 
especially in dried quince slices after pretreatment combinations. The α-glucosidase inhibitory activity of quince slices ranged 
from 17.94 to 24.84 mg/mL, which was higher than that of acarbose (26.79 mg/mL). The results showed that the pretreatments 
employed in quince drying can be used separately rather than in combination and that sample exposure to ultrasounds turned 
out to be be the most suitable pretreatment method.
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INTRODUCTION
Quince (Cydonia oblonga Miller) fruit is known for its micro-
nutrient content, pleasant fragrance, and unique flavor. It is 
rich in ascorbic acid and minerals including calcium, potassi-
um, and phosphorus [Sharma et al., 2011]. However, it is par-
ticularly recognized as a dietary source of health-promoting 
compounds eliciting antioxidant and antimicrobial effects 
[Hajji et al., 2020]. Phenolic compounds identified in quince 
fruit include 4-O-caffeolquinic acid, 3-p-coumaroylquinic acid, 

5-O-caffeoylquinic acid, 5-p-coumaroylquinic acid, quercitin 
3-O-glucoside, quercitin 3-O-rutinoside, kaempferol rutinoside, 
kaempferol hexoside, quercetin, catechin, epicatechin, and a pro-
cyanidin dimer [Baroni et al., 2018]. 

Drying quince fruits is one possible method of storing them 
and preventing them from deterioration. Symilarly to other fruits, 
quince is perishable; therefore, drying is quite advantageous as it 
reduces the water activity of the material, thus reducing the micro-
biological activity to a level that prevents deterioration [Doymaz 

https://orcid.org/0000-0002-5785-9647
https://orcid.org/0000-0001-9913-1091
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et al., 2015]. The most commonly used drying method is hot-air 
convective drying, but this method has some disadvantages such 
as long processing time required and the use of high temperatures 
[Martins et al., 2022]. For food products, infrared drying is regarded 
as a promising drying method [Huang et al., 2021]. Novel com-
bined infrared-vacuum drying is a new drying technique that has 
some advantages over conventional drying in terms of energy 
consumption, time savings, and high product quality [Topuz et 
al., 2023]. Nevertheless, any drying method influences the quality 
of the final dried products [Oliveira et al., 2016]. 

Various pretreatment techniques are, therefore, utilized 
to improve drying characteristics and/or dried product qual-
ity [Kriaa & Nassar, 2022]. These methods involve ultrasounds, 
high pressures, ethanol [Llavata et al., 2020], freeze-thawing, 
blanching, and pulsed electric field [Kriaa & Nassar, 2022]. Etha-
nol pretreatment is a simple and effective method, dissolving 
compounds in the cell wall and increasing its permeability [Lla-
vata et al., 2020; Wang et al., 2019]. Wang et al. [2019] reported 
that ethanol pretreatment significantly reduced the drying time 
of scallion slices. These samples also exhibited better rehydration, 
odor, vitamin C content, and antibacterial effects. The princi-
ple of freeze-thawing pretreatment relies on ice crystallization, 
which is formed by free water penetrating to the cell wall during 
the expansion process of frozen water. This allows free water to 
overflow the cell and promote mass transfer [Xu et al., 2021]. 
Blanching is an important pretreatment in fruit and vegetable 
processing as it inactivates enzymes, enhances dehydration rate, 
removes pesticide residues, and reduces microbial load [Xiao et 
al., 2017]. Lagnika et al. [2019] found that blanching pretreat-
ment of cashew apples led to medium quality results in terms 
of a rehydration rate and overall sensory quality, with substantial 
degradation of vitamin C. In turn, Chao et al. [2022] reported 
that ultrasound, blanching, and freeze-thawing pretreatments 
significantly accelerated the drying rate and that the seed-used 
pumpkin slices dried after blanching pretreatment exhibited 
the highest free phenolic content and total carotenoid content, 
which increased by 45% and 34%, respectively, compared to 
the untreated sample. In the studies, ethanol, freeze-thawing, 
and blanching pretreatments are used alone as well as in com-
bination with ultrasounds. da Cunha et al. [2020] reported that 
the combination of ultrasounds and ethanol (50% and 100%) 
shortened the drying time of melon slices but negatively af-
fected their quality parameters. Xu et al. [2021] investigated 
the effect of ultrasound, freeze-air thawing, freeze-water thawing, 
freeze-ultrasound thawing, and freeze-air ultrasound thawing 
pretreatments on the quality of dried okra and reported that all 
pretreatments shortened the drying time and that the freeze- 
-air ultrasound thawing pretreatment yielded the most variable 
characteristics of dried okra quality. Xu et al. [2023] reported that 
thermoultrasound blanching resulted in more efficient drying by 
promoting tissue softening, moisture diffusion, microstructural 
changes, and microchannel formation compared to hot water 

blanching, which significantly reduced energy consumption 
and improved the overall quality of the dried sweet potatoes.

To the best of our knowledge, the effects of citric acid, 
ultrasounds, ethanol, freeze-thawing, blanching, and their vari-
ous combinations as pretreatments on the vacuum-combined 
infrared radiation (VCIR) drying of quince have not been studied 
yet. Therefore, the aim of this study was to investigate the ef-
fects of ten different pretreatments on (i) drying time, color, 
and rehydration ratio; (ii) α-glucosidase inhibitory activity; (iii) 
phenolic composition; (iv) antioxidant activity; and (v) in vitro 
bioaccessibility of these phenolic compounds of quince slices 
dried by VCIR. These pretreatment combinations were expected 
to enhance the physical, chemical, and nutritional properties 
of quince.

MATERIALS AND METHODS 
r	 Sample preparation and drying procedure
Approximately 10 kg of fresh quince fruits (Eşme) were pur-
chased at a local market in Van, a province of Türkiye. Before 
drying, quince fruits were peeled and cut into 5-mm thick slices 
with a manual fruit slicer (Hex, Istanbul, Türkiye). The slices were 
divided into 10 parts, each of which was subjected to a differ-
ent pretreatment before drying, including immersion in a citric 
acid solution (CA), ultrasound and citric acid treatment (US), 
immersion in ethanol (ET), ethanol treatment with ultrasounds 
(ET+US), freezing-thawing (FT), freezing-thawing with ultra-
sounds and citric acid (FT+US), freezing-thawing with ethanol 
and ultrasounds (FT+ET+US), blanching with citric acid (BL), 
blanching with ultrasounds and citric acid (BL+US), and blanch-
ing with citric acid and then immersion in ethanol with ultra-
sounds (BL+ET+US). The conditions and details of each treatment 
are described in Table 1. Samples pretrated with ultrasounds 
were sonicated at 20 kHz and 200 W using a UW 3200 probe (Ban-
delin, Berlin, Germany) connected to an ultrasonic generator (HD 
3200 Sonopuls, Bandelin). Ultrasound applications lasted 5 min, 
and temperature control (23±1oC) was provided with ice bags. 
Drying was carried out using a vacuum-combined infrared dryer 
(Uniterm, Ankara, Türkiye) with four 250 W infrared lamps both at 
the ceiling and the floor inside the oven, eqqupied by a vacuum 
pump (Pall Life Sciences, DOA-P730-BN, MI, USA). The distance 
between the samples and the lamps was adjusted to 12 cm. 
The samples were dried at 250 W infrared power and 40 kPa 
vacuum pressure. The initial moisture content of the quince 
fruits was 81.34±0.12 g/100 g, and the fruits were dried until they 
reached about 12 g/100 g. The moisture content of the samples 
was determined using the oven-drying method [AOAC, 2003].

r	 Determination of color parameters
Color coordinates, including L* (lightness), a* (redness-green-
ness), and b* (blueness-yellowness) of fresh and dried quinces, 
were measured by a CR-400 colorimeter (Konica Minolta, Tokyo, 
Japan). The instrument was calibrated using a white standard 
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according to the manufacturer’s instructions. Based on the color 
coordinates, the total color difference (ΔE), chroma (C), and hue 
angle (h°) were calculated using Equations (1)–(3), respectively 
[Maskan, 2001]:

∆E = √(L* – L0*)2+(a* – a0*)2+(b* – b0*)2 	 (1)

C = √a*2 – b*2 	 (2)

h° = tan–1 ⎧
⎩

⎧
⎩

b*
a*

	 (3)

where coordinates with subscript “0’’ refers to the color reading 
of fresh quinces. 

r	 Rehydration ratio 
The dried quince samples (1 g) were immersed in pure water (50 mL) 
for 24 h at ambient temperature. Then, the surface water was remo-
ved using filter paper, and the samples were weighed. Rehydration 
ratio (RR) was determined as the ratio of weights of rehydrated 
sample slices to dried sample slices [Doymaz et al., 2015].

r	 Preparation of methanolic extracts 
Fresh (5 g) and dried (1 g) quince fruits were stirred with 15 mL 
of methanol and a water mixture (80:20, v/v) at 150 rpm for 2 h 
at room temperature. The mixtures were centrifuged at 8,000×g 
for 10 min. After separation, the extraction was repeated using 
the residue and 10 mL of the same solvent. The supernatants 
were combined and reached a final volume of 25 mL with the sol-
vent [Bakkalbaşı et al., 2013]. Methanolic extracts were used to 
analyze phenolic compound composition and 5-hydroxymeth-
ylfurfural (HMF) content.

r	 Total phenolic content determination
The total phenolic content (TPC) detemination of quince was 
carried out by Singleton & Rossi [1965] method. Briefly, 0.4 mL 
of the extract was mixed with 2 mL of the Folin-Ciocalteu reagent 
(Sigma-Aldrich, St. Louis, MO, USA) (1:10, v/v) and 1.6 mL of so-
dium carbonate (7.5%), and the mixture was kept in the dark at 
room temperature for 60 min. Absorbance was read at 765 nm 
using a spectrophotometer (8453, Agilent, Santa Clara, CA, USA). 
TPC was expressed as mg gallic acid equivalent (GAE)/kg quince 
dry matter (DM).

r	 Total flavonoid content determination
The total flavonoid content (TFC) was determined as reported 
by Zhishen et al. [1999]. In brief, 1 mL of the extract, 5 mL of wa-
ter, and 0.3 mL of NaN0₂ (5%) were mixed. After 5 min, 0.3 mL 
of AlCl₃ (10%) was added. After another 5 min, 2 mL of NaOH (1 M) 
was added, and the final volume of the solution was adjusted 
to 10  mL with water. Absorbance was read at 510 nm using 
a spectrophotometer (8453, Agilent). The TFC was expressed as 
mg quercetin equivalent (QE)/kg DM.

r	 Condensed tannin content determination
Condensed tannin content (CTC) of quince samples was deter-
mined using the vanillin assay by Sun et al. [1998]. Four mixtures 
composed of: (1) extract (1 mL), 1% vanillin solution in methanol 
(2.5 mL), and 25% H₂SO₄ solution (2.5 mL); (2) methanol (1 mL), 
1% vanillin solution in methanol (2.5 mL), and 25% H₂SO₄ solution 
(2.5 mL); (3) extract (1 mL), methanol (2.5 mL), and 25% H₂SO₄ 
soluton (2.5 mL); and (4) methanol (3.5 mL) and 25% H₂SO₄ solu-
tion (2.5 mL), were prepared in separate tubes and incubated 
at 30°C for 20 min. The absorbance of each mixture (As, Ab, Ac 

Table 1. Pretreatment conditions of quince slices and sample codes.

Pretreatment Code Conditions

Citric acid (control) CA Quince slices were pretreated with 0.5% citric acid solution (1:4, w/v) at 20±1°C for 5 min.

Ultrasounds + citric acid US
Quince slices were pretreated with 100% ultrasound amplitude for 5 min in 0.5% citric acid 

solution (1:4, w/v) at 20±1°C.

Ethanol ET Quince slices were immersed in ethanol (1:4, w/v) for 5 min at 20±1°C.

Ethanol + ultrasounds ET+US
Quince slices were pretreated with 100% ultrasound amplitude for  

5 min in ethanol (1:4, w/v) at 20±1°C.

Freezing-thawing FT
Quince slices were frozen at −18°C for 12 h and then allowed to thaw at room temperature 

(22±1°C) for 3 h.

Freezing-thawing + ultrasounds + 
citric acid

FT+US
Quince slices were frozen at −18°C for 12 h. They were then immersed in 0.5% citric acid solution 

(1:4, w/v) and thawed using ultrasounds (100% amplitude) for 5 min.

Freezing-thawing + ethanol + 
ultrasounds

FT+ET+US
Quince slices were frozen at −18°C for 12 h. They were then immersed in ethanol (1:4, w/v)  

and thawed using ultrasounds (100% amplitude) for 5 min.

Blanching + citric acid BL
Quince slices were blanched in hot water with 0.5% citric acid solution (1:4, w/v) at 80±1°C  

for 5 min.

Blanching + ultrasound + citric acid BL+US
Quince slices were blanched in hot water with 0.5% citric acid solution (1:4, w/v) at 80±1°C  

for 5 min at 100% ultrasound amplitude.

Blanching + ultrasounds + citric acid 
+ ethanol 

BL+ET+US
Quince slices were blanched in hot water with 0.5% citric acid solution (1:4, w/v) at 80± 1°C  

for 5 min. They were then immersed in ethanol and treated using ultrasounds (100% amplitude) 
for 5 min.
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and A0, respectively) was measured at 500 nm with a spectropho-
tometer (8453, Agilent). A similar set of solutions was prepared 
and processed with catechin solutions at different concentra-
tions instead of the extract to obtain a calibration curve.

Absorbance value (A) was calculated for each standard 
and sample solution using Equation (4):

A = (As – Ab) – (Ac – A0)	 (4)

Results were given as mg catechin equivalents (CE)/kg DM.

r	 Antioxidant activity determination
The assay with 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical 
(Sigma-Aldrich) was carried out according to the procedure 
described by Brand-Williams et al. [1995] with a minor modifica-
tion. The extract (0.1 mL) and a DPPH radical solution (3.9 mL, 
0.025 g/L in methanol) were mixed and reacted for 60 min 
at room temperature. Absorbance was read at 515 nm using 
a spectrophotometer (8453, Agilent).  

The 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 
(ABTS) (Sigma-Aldrich) assay was performed according to Re et 
al. [1999] method. To generate the ABTS radical cation, a reaction 
was induced by incubating 7 mM ABTS and 2.45 mM potassium 
persulfate for 16 h at room temperature in a dark environment. 
The ABTS•+ solution was diluted with ethanol to obtain an ab-
sorbance of 0.700±0.05 at 734 nm. Then, the extract (20  μL) 
and the ABTS•+ solution (1,980 μL) were mixed and reacted 
in darkness for 6 min. The absorbance was measured at 734 nm. 

DPPH• and ABTS•+ scavenging activities were expressed as 
Trolox equivalents (mmol Trolox eq./g DM).

r	 Determination of phenolic compound composition 
and 5-hydroxymethylfurfural content

Simultaneous analysis of phenolic compounds and HMF by 
high-performance liquid chromatography (HPLC) system (LC-20 
AD, Shimadzu, Kyoto, Japan) was performed as reported by 
Colaric et al. [2005] with slight modifications. Separation was 
performed on a Symmetry C18 (250×4.6 mm id, particle size 
5 μm) column (Waters, Milford, MA, USA) at 25°C. Acetic acid 
in water (2%, v/v) (A) and a mixture of acetonitrile with 0.5% 
(v/v) acetic acid in water (1:1, v/v) (B) were used as a mobile 
phase. The flow rate was 1.0 mL/min. The gradient program 
was as follows: 0 min, 90% A; 30 min, 80% A; 60 min, 65% A. 
Detection was made at 276 nm for HMF, 280 and 320 nm for 
phenolic acids, 280 nm for flavan-3-ols, and 360 nm for flavonols. 
The identification of the phenolic and HMF peaks on the chro-
matogram was carried out using retention time and spectrum 
of a commercial standard. Rutin, catechin, epicatechin, chlo-
rogenic acid, neochlorogenic acid, and cryptochlorogenic acid 
standards were purchased from Sigma-Aldrich Co. Procyanidin 
B1 and procyanidin B2 standards were purchased from abcr 
GmbH (Karlsruhe, Germany). HMF standard was purchased from 
Carl Roth (Karlsruhe, Germany). Quantification was performed 
based on standard curves, and results were given as mg/kg DM.

r	 Determination of phenolic bioaccessibility and anti
oxidant activity after in vitro digestion

Quince (1.5 g) was mixed with 30 mL of pure water and 1.5 mL 
of pepsin (20 g/L in 0.1 M HCl) [Vitali et al., 2009]. Mixture pH was 
adjusted to 2 using 6 M HCl, and the mixture was incubated at 
37°C for 1 h in a shaking water bath. The pH of the mixture was 
then adjusted to 7.2 using 1 M NaHCO₃ to stop gastric digestion. 
Afterwards, 7.5 mL of a bile/pancreatin solution (2 g of pancreatin 
and 12 g of bile salt in 1 L of 0.1 M NaHCO₃) and 7.5 mL of an 
NaCl/KCl solution (120 mM NaCl and 5 mM KCl) were added to 
the mixture, which was then incubated at 37°C for 2.5 h in a shak-
ing water bath. After incubation, the mixture was centrifuged at 
8,000×g for 10 min, and the supernatant was used for TPC, TFC, 
CTC, and antioxidant activity analysis. Bioaccessibility of TPC, TFC, 
and CTC, and retention of antioxidant activity were expressed 
as the percentage ratio of the values in the digested content to 
the initial values before digestion.  

r	 α-Glucosidase inhibitory activity of quince
The α-glucosidase inhibitory activity (α-GIA) of fresh and dried 
quinces was determined according to the procedure previously 
used by Zhang et al. [2020] with minor modifications. An aliquot 
of 50 µL of α-glucosidase (from Saccharomyces cerevisiae, Sigma-
Aldrich) (1 U/mL) in a phosphate buffer (0.1 M, pH 6.8) was mixed 
with 100 µL of extracts at different concentrations (5–40 mg/mL). 
The mixtures were preincubated at 37°C for 10 min, and 5 mM 
4-nitrophenyl α-d-glucopyranoside (100 µL) was added as a sub-
strate. Reaction was carried out at 37°C for 15 min. Then, 0.1 M 
Na₂CO₃ (750 µL) was added to terminate the reaction. Absorb-
ance was measured at 405 nm, and results were given as the IC₅₀ 
value, which was defined as the concentration of the extract 
required to inhibit 50% of the α-glucosidase activity. Acarbose 
was used as a positive control.

r	 Statistical analysis 
All samples were prepared in five replicates, and all analyses were 
performed three times for each sample. Data were presented 
as mean and standard deviation. SPSS 20.0 software (IBM Corp., 
Armonk, NY, USA) was used for multivariate analysis of variance. 
Differences among the means were determined using Duncan’s 
multiple range tests and were considered significant at p<0.05. 
The JMP 13 package program (SAS Institute Inc., Cary, NC, USA) 
was used to carry out both correlation and principal component 
analysis (PCA).

RESULT AND DISCUSSION
r	 Effect of pretreatment on drying time and physico

chemical parameters of quince slices
The drying times of quince slices are given in Table 2. Pretreat-
ments with ultrasounds (US), ethanol (ET), freezing-thawing (FT), 
and blanching (BL), as well as their combinations resulted in sig-
nificantly shorter drying times of quince slices compared to those 
treated with citric acid (CA) for which it was180 min. The drying 
time was especially reduced when ET and US were used (alone 
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Table 2. Drying time, moisture content, rehydration ratio (RR), and color parameters of fresh and dried quince slices after different pretreatments.

Quince Drying time 
(min)

Moisture  
(g/100 g) RR L* a* b* C h° ΔE

Fresh – 81.34±0.12 – 64.80±1.48 −2.07±0.38 22.18±1.43 22.27±1.42 95.35±1.05 –

CA 180 12.39±0.31aA 3.27±0.25aA 60.98±2.66eB 9.23±0.82aA 23.24±2.00cB 25.03±1.95dB 68.26±2.20dD 12.35±1.25aA

US 160 11.98±0.94aA 2.83±0.15bcB 62.36±2.45deAB 8.59±0.44abA 24.15±1.85cB 25.64±1.73cdB 70.32±1.81dC 11.47±0.61abcAB

ET 138 12.58±0.39aA 2.94±0.10bB 64.16±1.40cdA 7.82±0.52bcB 26.60±1.32bA 27.74±1.30abA 73.55±1.16cB 10.99±0.83bcB

ET+US 112 12.12±0.07aA 2.91±0.02bcB 64.33±1.70cdA 7.03±1.07cC 27.25±1.67abA 28.18±1.41abA 76.22±1.96bA 10.69±0.78cB

FT 143 12.06±0.36aA 2.64±0.22cdA 60.98±2.26eB 8.71±1.25abA 23.47±2.86cB 25.06±2.92dB 69.59±2.63dB 12.15±1.99abA

FT+US 122 12.23±0.23aA 2.72±0.05bcA 67.00±1.02abA 7.80±0.69bcAB 27.56±0.97abA 28.85±1.12abA 73.94±1.34bcA 11.37±0.92abcA

FT+ET+US 105 12.13±0.14aA 2.42±0.15deA 68.57±0.49aA 6.90±0.63cB 27.74±0.07abA 28.63±0.19abA 75.75±1.34bcA 10.84±1.10cA

BL 142 11.98±0.18aA 2.96±0.06bA 64.58±2.34cB 7.27±0.92cA 27.44±1.38abB 28.40±1.30abAB 75.13±2.08bcB 10.98±1.08bcA

BL+US 138 11.95±0.07aA 2.66±0.07cdB 68.65±1.64aA 5.33±0.83dB 28.97±1.57aA 29.47±1.50aA 79.53±1.88aA 10.91±1.36cA

BL+ET+US 94 11.99±0.47aA 2.23±0.12eC 65.20±2.04bcB 7.64±1.05cA 26.07±1.62bB 27.24±1.25bcB 73.56±2.80cB 10.78±0.55cA

Values are given as mean ± standard deviation. Lowercase letters indicate the difference between the samples in the same column according to Duncan multiple comparison test, uppercase letters indicate the difference between the same group of pretreated samples (p<0.05). 
CA, citric acid; US, ultrasounds + citric acid; ET, ethanol; ET+US, ethanol + ultrasounds; FT, freezing-thawing; FT+US, freezing-thawing + ultrasounds + citric acid; FT+ET+US, freezing-thawing + ethanol + ultrasounds; BL, blanching + citric acid; BL+US, blanching + ultrasounds + 
citric acid; BL+ET+US, blanching + ultrasounds + citric acid + ethanol; L*, lightness; a*, redness-greenness; b*, blueness-yellowness; C, chroma; h°, hue angle; ΔE, total color difference compared to fresh quince.
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or in combination with other pretreatments such as blanching 
or freezing-thawing). Pore opening by ultrasound can improve 
dissolution of cell wall compounds by ethanol. Thus, during 
drying, the Marangoni flow effect is more intense than when 
ethanol is used alone [Miano et al., 2021]. Compared to the FT 
and US samples, the drying time for sample FT+US decreased 
by 14.68% and 23.75%, respectively (Table 2). A similar phe-
nomenon was observed for plums by Li et al. [2025]. The highest 
reductions in drying time were 47.77% (for BL+ET+US), 41.66% 
(for FT+ET+US), and 37.77% (for ET+US) compared to the CA 
sample, demonstrating that the proposed approach of com-
bining pretreatments for VCIR drying was effective in reducing 
processing time. The moisture content of quince samples after 
drying varied within a narrow range (11.95–12.58 g/100 g). 

The RR values obtained for the quince slices dried after 
the ten different pretreatments are shown in Table 2. Among 
the pretreatments used, the highest and lowest rehydration 
ratios were 3.27 for CA and 2.23 for BL+ET+US, respectively. 
RR values of US, ET, and ET+US samples were found to be close 
to each other (p≥0.05), but were significantly (p<0.05) lower than 
those of the CA sample. The microstructure of the sample was 
disrupted by US pretreatment. Thus, the water holding capacity 
of the cell was reduced, resulting in a lower RR [Ren et al., 2022]. 
Similar situation was also found in the samples treated with FT 
(p≥0.05). However, compared to US, ET, and ET+US samples, 
RR of the FT samples was lower. RR decreased with increasing 
pretreatment combinations in blanching samples (p<0.05). This 
indicates that the damage caused to the structure by ultrasound 
or the combination of ethanol and ultrasound was higher com-
pared to blanching. 

After applying various pretreatments, a change in L*, a*, b*, C, 
h°, and ΔE was observed compared to the fresh quince (Table 2). 
Generally, dried products exhibited higher a* and b* values than 
fresh quince, indicating browning during drying [Xu et al., 2021]. 
Among the pretreatments, the CA and FT resulted in the lowest 
L* values of quince slices, indicating browning reactions [Ren 
et al., 2022]. The prolonged drying time for the CA sample may 
also have been important. The ET or ET+US pretreatment had 
a major impact on enhancing lightness and reducing browning 
(high L* and b* values and low a* values) compared to CA and FT 
samples. This may be due to the decolorizing effect of alcohol 
which dissolved the pigments [Feng et al., 2019]. Moreover, 
after the FT pretreatment, the cellular structure of the samples 
is severely damaged, and the leakage of intracellular material 
can accelerate the browning reaction [Chao et al., 2022]. The FT 
quince slices were darker than the FT+US and FT+ET+US samples 
(p<0.05). This may be due to the prolonged thawing time (3 h). 
Following freeze damage, the combination of US supported 
thawing, and a significantly shorter drying time effectively pre-
served the L* values [Li et al., 2025]. L* and b* values of the BL 
samples were lower than those of the BL+US samples, and a* 
value was higher (p<0.05). The BL+ET+US sample was simi-
lar to the BL sample despite applying ultrasound and ethanol 
(p≥0.05). The BL+ET+US sample was first subjected to blanching 

(5 min) and then to ET+US pretreatment (5 min). The application 
of US and ET pretreatments after BL pretreatment did not result 
in a change in terms of color, on the contrary, it appeared to cause 
loss of time, solvent, and energy. The L* values of the ET and BL 
samples were similar, but lower in the FT sample. This indicates 
that ET and BL preserve the brightness better than FT. Slight 
changes in C, h°, and ΔE were observed between pretreatments. 
The highest ΔE and lowest C and h° were detected in the CA 
and FT samples. It can be concluded that combinations of pre-
treatments positively affected limited color change. Generally, 
the L* values of ethanol and combined pretreatment samples 
were found to be close to or higher than those of the fresh 
sample. In this case, it can be concluded that pretreatment 
combinations had a positive effect on the L* color parameter 
of the samples. 

r	 Effects of pretreatment on the phenolic profile 
and 5-hydroxymethylfurfural content of quince slices

Procyanidins B1 and B2, chlorogenic acid, neochlorogenic 
acid, cryptochlorogenic acid, and rutin were detected in fresh 
and dried quince by HPLC method (Table 3). Chromatograms 
of separations of fresh and dried (US pretreatment) samples are 
given in Figure 1. Catechin and epicatechin were detected only 
in fresh samples (15.79±2.15 and 13.51±0.39 mg/kg DM) (not 
shown in the table). Similar results for catechin and epicatechin 
in pear were reported by Topuz et al. [2023]. In turn, da Silva et al. 
[2025] reported that epicatechin was not detected in pretreated 
(blanching, cooking, and combination with ethanol) and dried 
sweet potato samples. This could be due to the degradation 
of epicatechin during processing [da Silva et al., 2025]. In an-
other study, the correlation between the polyphenol oxidase 
activity and catechin content was significant, and enzymatic 
degradation might have contributed to catechin losses [Zhu 
et al., 2022]. 

The procyanidin B1 content in the BL and BL+US samples, 
as well as the procyanidin B2 content in the CA and FT+US 
samples was similar to those determined in fresh quince slices 
(Table  3). CA, US, ET, and ET+US pretreatments did not dif-
ferentiate the quince slices (p≥0.05) in terms of procyanidin B1 
content; however, significantly decreased procyanidin B2 con-
tent (p<0.05) in the following order: US < CA < ET < ET+US. In all 
freeze-thawed samples, the contents of procyanidins B1 and B2 
were similar (p≥0.05). Among the blanched samples, procyanidin 
B1 content was significantly lower (p<0.05) after pretreatment 
combination with ET and US compared to BL and BL+US. It has 
been reported that different pretreatment methods had varying 
effects on the procyanidin B2 content of apple samples [Zhu et 
al., 2022]; while the NaCl immersion and blanching pretreat-
ments increased the procyanidin B2 content during air drying, it 
decreased when air drying with airborne sonication was applied.

It was found that chlorogenic acid was a major phenolic 
compound in all samples (Table 3). Chlorogenic acid, neochlo-
rogenic acid, and cryptochlorogenic acid contents were higher 
in dried than in fresh quince slices (p<0.05) and tended to be 
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Table 3. Content of phenolics and 5-hydroxymethylfurfural (HMF) of fresh and dried quince slices after different pretreatments (mg/kg dry matter).

Quince HMF Procyanidin B1 Procyanidin B2 Chlorogenic 
acid

Neochlorogenic 
acid

Cryptochloro-
genic acid Rutin

Fresh n.d. 18.59±0.30 28.72±1.53 80.3±2.4 66±10 31.6±0.3 35.79±1.50

CA 61.3±19aA 19.26±1.18abcA 28.71±0.15abB 594±156abcdA 406±51bcdB 53.6±1.0aA 4.79±0.16dB

US 9.2±5.8bB 19.49±0.04abcA 29.41±0.03aA 724±119aA 623±4aA 57.0±10.4aA 6.16±0.66aA

ET n.d. 17.37±3.40bcdA 27.03±0.23cdeC 655±66abcdA 415±10bcB 56.3±10.2aA 5.01±0.08cdB

ET+US n.d. 17.09±0.59cdA 26.20±0.00eD 559±65abcdA 330±7cdeC 49.4±4.3aA 4.88±0.05cdB

FT 62.4±1.4a 20.67±0.72abA 27.59±1.06bcdeA 372±197dA 245±97deA 48.7±12.4aA 5.37±0.18bcA

FT+US n.d. 21.26±1.42aA 28.20±0.33abcA 690±147abA 504±173abA 55.4±2.5aA 5.61±0.26bA

FT+ET+US n.d. 20.41±0.93abcA 27.85±0.91bcdA 402±23bcdA 292±0cdeA 48.8±1.3aA n.d.

BL 4.3±2.8b 18.24±1.27abcA 27.99±0.33abcA 693±29aAA 301±25cdeA 52.7±2.1aA 5.37±0.00bc

BL+US n.d. 18.04±0.25abcA 27.90±1.16abcA 677±42abcA 266±6cdeAB 52.4±0.0aA n.d.

BL+ET+US n.d. 14.56±0.36dB 26.35±0.64deA 393±110cdB 228±19eB 51.2±11.0aA n.d.

Values are given as mean ± standard deviation. Lowercase letters indicate the difference between the samples in the same column according to Duncan multiple comparison test, 
uppercase letters indicate the difference between the same group of pretreated samples (p<0.05). CA, citric acid; US, ultrasounds + citric acid; ET, ethanol; ET+US, ethanol + ultrasounds; 
FT, freezing-thawing; FT+US, freezing-thawing + ultrasounds + citric acid; FT+ET+US, freezing-thawing + ethanol + ultrasounds; BL, blanching + citric acid; BL+US, blanching + ultrasounds 
+ citric acid; BL+ET+US, blanching + ultrasounds + citric acid + ethanol; n.d., not detected.

highest in the ultrasound-treated samples except for BL samples, 
where the amount of these compounds tended to decrease 
with increasing pretreatment combinations. However, signifi-
cant (p<0.05) differences in chlorogenic acid content were only 
found between BL-treated samples, while significant (p<0.05) 
differences in neochlorogenic acid content were identified be-
tween CA, US, ET, and ET+US samples. The increase in phenolics 
following BL pretreatment was primarily caused by the inactiva-
tion of polyphenol oxidase at high temperatures and a decrease 
in enzyme-induced degradation [Chao et al., 2022]. Chlorogen-
ic, neochlorogenic, and cryptochlorogenic acids were lower 
in the FT, FT+ET+US, and BL+ET+US samples. The FT samples 
were thawed at room temperature for 3 h, while the FT+ET+US 
and BL+ET+US samples were exposed to a combination of three 
pretreatments. This might have caused degradation/extraction 
of these compounds. Chlorogenic acid is sensitive to tempera-
ture and oxygen as it easily degrades at high temperatures 
and atmospheric conditions [Liu et al., 2015]. 

The rutin content of fresh quince slices was higher than that 
of the dried ones (p<0.05). Rutin was not detected in the samples 
pretreated with BL+US, BL+ET+US, and FT+ET+US (Table 3). This 
is thought to be due to the combined effect of multiple pretreat-
ment applications. Irondi et al. [2017] reported that the amount 
of rutin decreased in the blanched Adansonia digitata leaves 
compared to fresh material. The high blanching temperature may 
have disrupted the cell walls and broken down the phenolics, 
causing them to leach into the blanching water [Irondi et al., 

2017]. Rutin degradation does not directly relate to the dena-
turation of polyphenol oxidase, since its content decreases more 
quickly as temperature rises [Miletić et al., 2013]. In our study, 
the US and FT+US samples had the highest rutin contents. 
It can be concluded that the US pretreatment was effective 
in preserving phenolic compounds in combination with other 
pretreatments except ET. In contrast, in combination with ET, it 
caused greater loss of components. Ethanol pretreatment may 
cause the extraction of these compounds [da Cunha et al., 2020]. 

In general, the highest levels of phenolics were detected 
in the US sample compared to the samples exposed to the other 
pretreatment methods. Similar findings were reported by Wang 
et al. [2025] in quince peels subjected to different pretreatments 
(US, FT, and BL). This phenomenon can be attributed to the fact 
that bound phenolics become more liberated as a result of the ul-
trasound treatment [Topuz et al., 2025]. In summary, our results 
indicate that the US pretreatment was the most effective in pre-
serving and increasing procyanidin B1, B2, chlorogenic acid, 
neochlorogenic acid, and cryptochlorogenic acid. 

HMF does not occur naturally in food products. It is formed 
as a result of Maillard reactions under the influence of heat treat-
ment and other factors (concentration of reducing sugar, type 
of sugar, storage time and temperature, etc.) [Shapla et al., 2018]. 
HMF content of quince slices dried after the different pretreat-
ments varied between 0 and 62.4 mg/kg DM (Table 3). HMF 
was detected only in the CA, US, FT, and BL samples. Its content 
was significantly (p<0.05) higher in dried quince slices after CA 
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and FT pretreatments than in the US and BL samples. The high 
HMF content in the FT sample shows that cell damage, rather 
than just drying time, contributes to nonenzymatic browning 
[Du et al., 2026]. In the CA sample, HMF content was similar 
(p≥0.05) to that in the FT sample, most likely due to the long 
drying time. Shorter drying times help reduce HMF accumulation 
[Du et al., 2026]. Compared to the CA sample, the HMF content 
of the US sample decreased by 85.04%. It can be concluded that 
the ultrasound pretreatment plays a significant role in prevent-
ing HMF formation. The substrates causing HMF formation may 
have been degraded or extracted by the effect of pretreatments 
via blanching or ultrasounds. It can, therefore, be concluded 
that HMF is not detected when ET or a combination of several 
pretreatments is used. This might be due to the shorter drying 
time of samples treated with ethanol and reduced heat exposure 

of the product. Therefore, it appears that the drying parameters 
were not the factors influencing the HMF content in the product.

r	 Total phenolic content, total flavonoid content, 
condensed tannin content, and their bioaccessibility 
rates as well as antioxidant activity and its retention 
after in vitro digestion 

The TPC, TFC, and CTC of the quince slices are shown in Table 4, 
and their antioxidant activity (AA) (determined in DPPH and ABTS 
assays) is presented in Table 5. The TPC, TFC, DPPH• scavenging 
activity and ABTS•+ scavenging activity of the dried quince slices 
were higher than those of the fresh sample (except for BL+ET+US 
sample for ABTS assay). However, CTC was higher in some dried 
samples (US, ET, BL, and BL+US). The highest TPC, TFC, CTC, 
and AA in both assays were detected in the US-pretreated 
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Figure 1. HPLC chromatograms of fresh quince slices (A) and dried after ultrasound pretreatment (B). HMF, 5-hydroxymethylfurfural.
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Table 4. Total phenolic content (TPC), total flavonoid content (TFC), and condensed tannin content (CTC) of fresh and dried quince slices after different pretreatments, and their bioaccessibility after in vitro gastrointestinal digestion (GID).

Quince TPC 
(mg GAE/kg DM)

TPC-GID 
(mg GAE/kg DM)

Bioaccessibility 
(%)

TFC 
(mg QE/kg DM) 

TFC-GID 
(mg QE/kg DM) 

Bioaccessibility 
(%)

CTC 
(mg CE/kg DM) 

CTC-GID 
(mg CE/kg DM) 

Bioaccessibility  
(%)

Fresh 1,243±7 1,029±10 82.75±0.82 309±17 258±3 83.60±0.87 923±12 650±1 70.37±0.13

CA 4,132±24bB 3,034±61cB 73.40±1.48dB 2,319±34bB 1,722±17bB 74.25±0.73bB 845±42dBC 459±7bB 54.33±0.85bB

US 4,379±104aA 3,458±57aA 78.97±1.31aA 2,443±50aA 1,963±13aA 80.36±0.52aA 1,517±2aA 850±11aA 56.01±0.70aA

ET 3,570±145cC 2,534±24dC 70.98±0.67eC 1,655±43eC 1,199±14dC 72.44±0.83cC 1,037±18cB 469±6bB 45.22±0.56dC

ET+US 3,235±74dD 2,071±19fD 64.03±0.59gD 1,212±33gD 844±4gD 69.62±0.30dD 645±178eC 208±2fC 32.23±0.32gD

FT 3,008±38eA 2,047±17fA 68.05±0.57fA 1,718±26deB 1,124±13eB 65.42±0.75eB 229±3gC 129±1hC 56.36±0.30aA

FT+US 2,709±22fB 1,761±26gB 64.99±0.97gB 1,945±46cA 1,376±21cA 70.76±1.06dA 753±25dA 380±10dA 50.42±1.34cB

FT+ET+US 2,403±29gC 1,472±21hC 61.28±0.88hC 1,224±60gC 532±13iC 43.41±1.07hC 600±20eB 192±1gB 32.05±0.15gC

BL 3,044±35eB 2,289±13eB 75.17±0.43cB 1,767±33dA 1,047±21fA 59.26±1.18fA 1,215±6bA 434±6cA 35.71±0.52eA

BL+US 4,080±14bA 3,144±28bA 77.05±0.68bA 1,491±67fB 721±2hB 48.32±0.16gB 953±1cB 323±3eB 33.85±0.31fB

BL+ET+US 1,282±55hC 785±15iC 61.26±1.20hC 925±30hC 392±13jC 42.36±1.39hC 482±18fC 135±2hC 27.93±0.39hC

Values are given as mean ± standard deviation. Lowercase letters indicate the difference between the samples in the same column according to Duncan multiple comparison test, uppercase letters indicate the difference between the same group of pretreated samples (p<0.05). 
CA, citric acid; US, ultrasounds + citric acid; ET, ethanol; ET+US, ethanol + ultrasounds; FT, freezing-thawing; FT+US, freezing-thawing + ultrasounds + citric acid; FT+ET+US, freezing-thawing + ethanol + ultrasounds; BL, blanching + citric acid; BL+US, blanching + ultrasounds + 
citric acid; BL+ET+US, blanching + ultrasounds + citric acid + ethanol;  DM, dry matter; GAE, gallic acid equivalent; QE, quercetin equivalent; CE, catechin equivalent.
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Table 5. DPPH• and ABTS•+ scavenging activities of fresh and dried quince slices after different pretreatments, and their retention after in vitro gastrointestinal 
digestion (GID).

Quince
DPPH assay DPPH-GID assay

Retention (%)
ABTS assay ABTS-GID assay

Retention (%)
(mmol Trolox eq./g DM) (mmol Trolox eq./g DM)

Fresh 6.12±0.21 5.78±0.03 94.35±0.63 32.76±0.86 30.45±0.38 92.96±1.18

CA 14.94±0.89abAB 10.43±0.13cB 69.86±0.92bcB 40.47±0.09bB 33.72±0.26bB 83.32±0.65bB

US 16.32±0.24aA 11.93±0.07aA 73.09±0.44aA 42.01±0.66aA 35.72±0.32aA 85.04±0.76aA

ET 14.58±0.72bB 9.99±0.07dC 68.55±0.49cdC 37.44±0.65dC 27.71±0.03cC 74.01±0.10cC

ET+US 11.86±1.23cC 7.62±0.05gD 64.24±0.44eD 33.55±0.25gD 23.84±0.23fgD 71.08±0.68dD

FT 15.29±0.88abA 10.92±0.08bA 71.41±0.57bA 38.23±0.41cA 26.53±0.35dA 69.41±0.93eA

FT+US 13.06±1.32cB 9.17±0.10eB 70.25±0.82bcA 34.85±0.42fC 24.06±0.23fB 69.05±0.67eA

FT+ET+US 11.86±1.08cB 8.27±0.29fC 69.73±2.46bcA 35.69±0.23eB 23.58±0.06gC 66.05±0.17gB

BL 12.17±1.16cB 7.39±0.07hB 60.70±0.64fB 34.50±0.33fB 22.21±0.31hB 64.38±0.90hB

BL+US 14.86±0.28abA 10.02±0.20dA 67.47±1.36dA 36.98±0.61dA 25.13±0.39eA 67.95±1.07fA

BL+ET+US 9.20±0.28dC 5.27±0.10iC 57.27±1.15gC 28.35±0.51hC 16.97±0.09iC 59.86±0.34iC

Values are given as mean ± standard deviation. Lowercase letters indicate the difference between the samples in the same column according to Duncan multiple comparison test, 
uppercase letters indicate the difference between the same group of pretreated samples (p<0.05). CA, citric acid; US, ultrasounds + citric acid; ET, ethanol; ET+US, ethanol + ultrasounds; 
FT, freezing-thawing; FT+US, freezing-thawing + ultrasounds + citric acid; FT+ET+US, freezing-thawing + ethanol + ultrasounds; BL, blanching + citric acid; BL+US, blanching + ultrasounds 
+ citric acid; BL+ET+US, blanching + ultrasounds + citric acid + ethanol; DM, dry matter.

samples. US pretreatment enhanced the extractability of bi-
oactive compounds and reduced their degradation [Wang et 
al., 2025]. ET and ET+US pretreatments resulted in a significant 
decrease in TPC, TFC, CTC, and AA (p<0.05). Dried quince sli-
ces after all FT pretreatments had lower TPC, TFC, CTC, and AA 
compared to those exposed to the US pretreatment because 
freeze-thawing damages the cell structure [Xu et al., 2021]. In 
addition, the thawing process has accelerated the breakdown 
of compounds that are sensitive to heat and oxidation [Li et 
al., 2025]. DPPH• scavenging activity decreased with increa-
sing pretreatment combination in the freeze-thawed samples, 
and in both antioxidant assays, radical scavenging activity was 
highest in the FT sample (p<0.05). Furthermore, as indicated by 
data from Table 4, the TPC in the FT sample was higher than 
in the FT+US and FT+ET+US samples, which may be the main 
reason for the higher AA. Although blanching deteriorated qu-
ince quality, it was still better than that of the combined ethanol 
sample. Gonçalves et al. [2009] reported that blanching caused 
a significant reduction in the TPC of broccoli, probably due to 
thermal degradation and water leaching events. Additionally, 
BL pretreatment, likewise FT, can damage cell structures, incre-
asing porosity and surface area. This may accelerate the release 

and subsequent degradation or oxidation of bioactive com-
pounds during drying [Wang et al., 2025]. Among all blanched 
samples, the highest DPPH• and ABTS•+ scavenging activities 
and TPC were found in the BL+US sample (p<0.05). Xu et al. 
[2023] reported that thermoultrasound blanching significantly 
enhanced the inactivation efficiency of peroxidase and poly-
phenol oxidase compared to hot water blanching. Therefore, 
the TPC and antioxidant activity of the BL+US samples may be 
higher. The combination of blanching with ethanol and ultra-
sound as a pretreatment significantly affected TPC, TFC, CTC, 
and AA in ABTS and DPPH assays (p<0.05). This finding confirms 
that the combination of ET and US as a pretreatment decreased 
TPC, TFC, CTC, DPPH• scavenging activity, and ABTS•+ scavenging 
activity. The fact that the dried quince slices after the ET+US, 
FT+ET+US, and BL+ET+US pretreatments contained less bioac-
tive compounds can be explained as follows: the use of ethanol 
pretreatment facilitates the extraction and thus the loss of phe-
nolics [da Cunha et al., 2020]. As the increase in the combination 
of pretreatments would reduce the drying time, it caused a dec-
rease in TPC, TFC, CTC, and antioxidant activity. In summary, US 
had a positive effect on the retention of bioactive compounds 
during the VCIR of quince. 
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TPC, TFC, and CTC bioaccessibility, and antioxidant activ-
ity retention after gastrointestinal digestion (GID) in the fresh 
quince were higher than in the dried quince (Tables 4 and 5, 
respectively). TPC, TFC, CTC, and DPPH• and ABTS•+ scavenging 
activities of the fresh and dried samples decreased after GID. This 
decrease may be related to the degradation of phenolics due to 
enzyme activity and increased pH [Ozdemirli & Kamiloglu, 2024]. 
CTC bioaccessibility was very low, especially in the dried samples 
(27.93–56.36%). Bouayed et al. [2012] reported that catechin, 
procyanidins B1, and B2 were not found in the intestinal phase. 
Therefore, CTC bioaccessibility may have been lower. TPC, TFC, 
and CTC bioaccessibility and AA retention of the US sample were 
higher than those of the CA, ET, and ET+US samples (p<0.05). 
TPC, DPPH• scavenging activity, and ABTS•+ scavenging activity 
after GID, and their bioaccessibility/retention decreased with 
increasing pretreatment combination in freeze-thawing sam-
ples. This change was found to be insignificant only for DPPH• 
scavenging activity retention (p≥0.05). In all freeze-thawed 
samples, the highest TFC-GID and CTC-GID values were found 
in the FT+US samples (p<0.05). In the blanched samples, TPC 
and AA after GID and their bioaccessibility/retention were high-
est in the BL+US sample, while TFC-GID and CTC-GID and their 
bioaccessibility started to decrease with increasing pretreat-
ment combinations (p<0.05). Generally, all pretreatments were 
found to significantly reduce TPC, TFC, and CTC bioaccessibility, 
as their pretreatments may cause damage to the cell walls 
of the samples, while the ambient pH change during in vitro 
digestion may lead to degradation of phenolic compounds 
and reduce their AA.

r	 Inhibitory effects on α-glucosidase activity 
Antioxidants, including phenolics, can prevent the damage to 
β-cells by inhibiting the peroxidation chain reaction, potentially 
guarding against the onset of diabetes [Aslan et al., 2010]. They 
can improve β-cell function, stimulate insulin secretion, and im-
prove adipose tissue metabolism [Lin et al., 2016]. Futhermore 

phenolics, particularly flavonoids, phenolic acids and tannins, 
possess the ability to inhibit α-glucosidase and α-amylase, which 
are responsible for digesting dietary carbohydrates into glucose, 
and thus can modulate carbohydrate and lipid metabolism [Lin 
et al., 2016]. The ability of extracts from fresh and dried quince to 
inhibit α-glucosidase is shown in Figure 2. The inhibitory activity 
of the samples against α-glucosidase expressed as IC50 values 
ranged from 17.94 to 24.84 mg/mL. Extracts from dried quince 
slices showed higher α-glucosidase inhibition activity than tho-
se from the fresh sample (p<0.05). Regardless of the method, 
the pretreatment process contributed to the increase in the an-
tidiabetic activity. The inhibitory effect on α-glucosidase may be 
due to phenolic compounds present in the extracts [Irondi et 
al., 2017]. The α-GIA of the CA, US, and ET samples was similar 
(p≥0.05), but higher than that of the ET+US sample (p<0.05). 
α-Glucosidase inhibition decreased with increasing pretreat-
ment combinations in the FT samples. However, this decrease 
was found to be insignificant (p≥0.05). The α-GIA of the CA, US, 
ET, ET+US, BL, and BL+US samples was higher than of all free-
ze-thawed samples (p<0.05). Contrary to our study, Irondi et al. 
[2017] reported that the inhibitory effect of Adansonia digitata 
leaf extract on α-glucosidase activity decreased due to blan
ching. In our study, this changed in proportion to the decrease 
in phenolic compound levels. Fresh and dried samples showed 
higher α-GIA than acarbose. Similar findings were reported by 
Uğurlu & Bakkalbaşı [2024] for apple chips. Due to their high 
content of bioactive compounds, both fresh and dried quince 
slices, especially the US sample, can be utilized as a food source 
with antidiabetic potential.

r	 Principal component analysis results
PCA was performed using the correlation matrix to calculate 
the eigenvalues, percentages of variation, and load coefficients 
of the first three principal components for all the properties 
studied. The PCA results are presented in the form of a biplot 
(Figure 3). The first three principal components accounted for 
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Figure 2. α-Glucosidase inhibitory activity of extracts from fresh and dried quince slices after different pretreatments. Values are given as mean ± standard deviation. 
Different lowercase letters indicate significant difference between samples, uppercase letters indicate difference between the same group of pretreated samples 
(p<0.05). CA, citric acid; US, ultrasounds + citric acid; ET, ethanol; ET+US, ethanol + ultrasounds; FT, freezing-thawing; FT+US, freezing-thawing + ultrasounds + 
citric acid; FT+ET+US, freezing-thawing + ethanol + ultrasounds; BL, blanching + citric acid; BL+US, blanching + ultrasounds + citric acid; BL+ET+US, blanching 
+ ultrasounds + citric acid + ethanol; IC50, concentration of the extract required to inhibit 50% of the α-glucosidase activity.
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55.5, 18.6, and 8.0% of the total variation, respectively. The cumu-
lative proportion of the variation approached 82.1% of the total 
variation. The traits contributing to this high variation in the first 
principal component (PC1) were RR, neochlorogenic acid, TPC, 
TPC-GID, TFC, TFC-GID, TFC bioaccessibility, CTC bioaccessibility, 
ABTS•+ scavenging activity, ABTS•+ scavenging activity after GID, 
and ABTS•+ scavenging activity retention. The effects of all these 
traits on variation were similar. Traits contributing to the second 
PCA component (PC2) were moisture, L*, a*, b*, C, h°, ΔE, HMF, 
chlorogenic acid, TPC bioaccessibility, CTC, CTC GID, and α-GIA. 
The effects of α-GIA on the variation were less pronounced than 
others, and only the effects of a*, ΔE, HMF, and α-glucosidase 
inhibitory activity were negative in PC2. As expected, a strong 
negative correlation was found between L* and a* and HMF. 
The third principal component (PC3) was primarily related to 
moisture, procyanidin B1 and B2, cryptochlorogenic acid, rutin, 
DPPH• scavenging activity, DPPH• scavenging activity after GID, 
and DPPH• scavenging activity retention. The effect of procya-
nidin B1 and DPPH retention was stronger than of the other 
traits in PC3. L* and HMF confirmed their inverse relationship by 

pointing in opposite directions on the graph. Additionally, the po-
sitions of the samples with FT and CA pretreatments on the biplot 
indicated their higher HMF content compared to the other 
samples. The position of the a* value, indicating increased brow-
ning due to Maillard reactions, was consistent with treatments 
with longer drying times. The moisture content is located near 
the centre, indicating a moderate level of variation between app-
lications and limited discriminating power in the PCA space. TPC, 
TFC, AA and their retention, along with phenolic compounds, 
contributed most significantly to the dispersion patterns of single 
pretreatments. A clear distinction was observed between single/ 
/double and triple pretreatment combinations. Compared to 
other pretreatments, the US pretreatment was clearly positioned 
above and to the right of the PC1 axis and exhibited a quality 
profile characterized by better preservation of certain sensiti-
ve bioactive compounds. The samples subjected to the triple 
pretreatment combination cover the lower left quadrant. This 
indicates that significant losses in phenolic compounds were 
associated with physicochemical changes such as extraction/ 
/degradation and exposure to oxygen.
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CONCLUSIONS
This study investigated the effects of citric acid, ultrasound, etha-
nol, freeze-thawing, and blanching pretreatments and their vari-
ous combinations on some physicochemical properties and bio-
active compounds of dried quince. Pretreatment combinations 
caused a decrease in drying time. RR decreased significantly 
in the samples with more than two pretreatment combinations. 
CA and FT pretreatments were found to result in samples with 
darker appearance and the highest HMF content. The US pre-
treatment resulted in a higher phenolic content, AA, phenolic 
bioaccessibility, and α-GIA in dried samples than the combined 
pretreatments. Thus, pretreatments used alone are more ef-
fective than those applied in combination in reducing quality 
losses in products exposed to VCIR, and ultrasound was the most 
suitable pretreatment method. In this study, ultrasound was 
found to have a significant potential to improve product quality, 
either alone or in combination, in which it is included, thus pav-
ing the way for its inclusion in pretreatments to obtain healthy 
products in the food industry. In vivo studies are also required to 
fully understand the effect of these pretreatments on the bioac-
cessibility of phenolics and α-GIA of quince.
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