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Abstract 

Fermented foods and beverages based on plant-derived ingredients are of growing tech-

nological interest, especially when they are designed as alternatives to conventional dairy 

products. This study evaluated the effects of herbal extracts from Verbascum thapsus L., 

Cnicus benedictus L., and Fumaria officinalis L. on lactic acid bacteria growth, acidification 

kinetics, and viable cell counts during the fermentation of organic milk, coconut beverage, 

and soy beverage. The extracts were characterized for extraction yield, total phenolic con-

tent, and antioxidant activity before use in fermentation trials. Mixtures of organic sol-

vents and water produced extracts with higher total phenolic content and antioxidant ac-

tivity than water alone. The highest values were obtained for F. officinalis extracts prepared 

with water and methanol or water and acetone, while for C. benedictus, the most effective 

solvents were water and acetone or water and ethanol. The agar well-diffusion assay 

showed no relevant antibacterial activity against the tested LAB strains under the applied 

conditions. No biologically relevant inhibition zones were observed in any of the 84 ex-

tract-strain combinations under the tested conditions. The only borderline response was 

observed for Lactobacillus acidophilus La-14 exposed to the 70% ethanolic extract of C. ben-

edictus. The clear halo did not exceed 1.50 mm outside the 5 mm well and was treated as 

a weak, strain-specific screening result. Fermentation kinetics depended mainly on the 

food matrix. The coconut beverage acidified most rapidly, reaching pH 4.38 to 4.79 after 

6 h, whereas the soy beverage required 24 h to reach pH 4.31 to 4.56. Organic milk showed 

the slowest acidification, and selected C. benedictus extracts delayed pH reduction. All an-

alyzed fermented samples contained more than 7 log CFU/mL of viable LAB. These re-

sults indicate that selected herbal extracts can be used in fermented milk and plant-based 

beverages without reducing LAB survival, but their suitability should be assessed sepa-

rately for each strain and matrix. 
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1. Introduction 

Fermented plant-based beverages have gained attention because they diversify fer-

mented food options and can be formulated as alternatives to conventional dairy products 

[1]. Their development requires attention to matrix composition, starter culture perfor-

mance, product safety, and consumer acceptance. Organic and minimally processed in-

gredients are also used in this area, although the environmental profile of a specific food 

cannot be inferred from the ingredient category alone and requires separate assessment 

across the production chain [2,3]. 

Fermentation with lactic acid bacteria (LAB) is widely used in the production of foods 

such as yogurts, pickled vegetables, and plant-based fermented beverages. This process 

can support product preservation by lowering pH and limiting the growth of undesirable 

microorganisms without intensive processing or synthetic preservatives [4]. LAB may 

also affect sensory properties and nutritional value by improving mineral bioavailability 

and producing bioactive compounds [5]. One research direction is the use of plant mate-

rials or their extracts as natural functional additives in fermentation processes. This ap-

proach is consistent with the concept of “food and medicine sharing the same origin”, 

which is increasingly interpreted in global food science as a basis for modern food–medi-

cine homology, functional food development and preventive nutrition [6,7]. Plant materi-

als are considered not only as sources of nutrients, flavor, or color, but also as complex 

matrices of bioactive compounds that may support the development of functional, pre-

ventive, and evidence-based food products. They are sources of polyphenols, flavonoids, 

and essential oils [8], many of which show antioxidant or antibacterial properties [9]. Phe-

nolic compounds may inhibit bacteria by disturbing cell membrane integrity, intracellular 

pH homeostasis, and enzyme activity, whereas other plant components, including carbo-

hydrates, minerals, or polysaccharides, may support LAB growth and survival [10,11]. 

Moreover, some LAB strains can metabolize plant phenolics through enzymes such as β-

glucosidases, esterases, decarboxylases, and reductases, which may modify the antioxi-

dant, antimicrobial, and sensory properties of the fermented product [12]. Some prepara-

tions obtained from mullein flowers, blessed thistle herb, and fumitory herb are also 

known in traditional phytotherapy. 

Mullein flower (Verbasci flos) is a herbal medicinal substance consisting of the dried 

flowers, reduced to the corolla and androecium, of three biennial species belonging to the 

figwort family (Scrophulariaceae): Verbascum densiflorum Bertol., Verbascum phlomoides L., 

and Verbascum thapsus L. In traditional medicine, preparations derived from mullein flow-

ers have been used for various respiratory, gastrointestinal, cardiovascular, and nervous 

system complaints; however, the officially recognized traditional indication is the relief of 

sore throat symptoms associated with a dry cough and the common cold [13]. These prop-

erties are associated with bioactive constituents, including mucilage polysaccharides, iri-

doid glycosides, flavonoids, and saponins. 

Cnicus benedictus L., commonly known as blessed thistle, is a plant belonging to the 

Asteraceae family. The herbal raw material can be the herb, leaves, or the tops of the flow-

ering shoots. C. benedictus L. can be used to support lactation and for diseases of the di-

gestive system, biliary tract, liver, and pancreas, or in cases of digestive juice deficiency 

[14]. It has antimicrobial, antiviral, antioxidant, antinociceptive, and enzyme-inhibiting 

properties [15]. Bioactive components contained in it, such as knicin, quercetin, rutin, and 

chlorogenic acid, work synergistically, supporting their traditional and emerging therapeu-

tic applications, particularly in the treatment of diabetes and as anti-inflammatory agents. 

The medicinal raw material of the Fumaria officinalis L., belonging to the Fumariaceae 

family, is the fumitory herb (Fumariae herba). It contains isoquinoline and indenobenzaze-

pine alkaloids, as well as flavonoid compounds (primarily quercetin and kaempferol gly-

cosides), free phenolic acids (ferulic, caffeic, chlorogenic), mucilages, resins and organic 
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acids such as fumaric and malic acid [16]. The active ingredients in fumitory herb have 

antispasmodic and choleretic effects, prevent biliary colic and bile duct and gallbladder 

obstruction, and alleviate indigestion symptoms resulting from liver dysfunction. F. offic-

inalis is also recommended for lowering blood pressure, treating rheumatic diseases and 

vegetative neuroses, and for topical use in conjunctivitis, dermatitis, and eczema [17]. 

Plant extracts are of interest in fermented food design because they may contribute 

antioxidant compounds and modify microbial growth, acidification and survival. Their 

effect on LAB is not uniform. Depending on the extract composition, concentration, bac-

terial strain and food matrix, plant extracts may be neutral, inhibitory or stimulatory. For 

this reason, their technological use requires direct testing in the relevant culture and ma-

trix rather than generalization from the botanical raw material alone. 

The aim of this study was to evaluate the effect of herbal extracts obtained from V. 

thapsus, C. benedictus, and F. officinalis on selected parameters of lactic acid bacteria perfor-

mance under in vitro screening conditions and during the fermentation of organic cow 

milk and plant-based beverages. The study focused on the growth response of selected 

LAB strains to herbal extracts, the acidification kinetics of L. acidophilus La-14 in different 

food matrices, and the viable LAB count after fermentation. In addition, the herbal raw 

materials and extracts were characterized in terms of microbiological quality of the dried 

raw material, extraction yield, total phenolic content, and antioxidant activity. The results 

were intended to assess whether the tested extracts could be considered as functional 

plant-derived ingredients for fermented milk and plant-based beverages. 

2. Materials and Methods 

2.1. Materials 

The study material consisted of aqueous, ethanol-aqueous (ethanol-water), metha-

nol-aqueous (methanol-water), and acetone-aqueous (acetone-water) extracts obtained 

from three herbal raw materials, namely the mullein flowers (Verbascum thapsus L.), 

blessed thistle herb (Cnicus benedictus L.), and fumitory herb (Fumaria officinalis L.), pur-

chased from a herbal shop in Warsaw, Poland. These extracts were prepared according to 

the protocol previously described by Ziarno et al. [18], with minor modifications. For this 

purpose, 10 g of dried herbal raw material and 250 mL of an appropriate 70% aqueous 

solution of ethanol, methanol, acetone, or water were placed in a flask and stirred in a 

water bath at 60 °C under a reflux condenser for 3 h. The solid plant residues were then 

filtered through Whatman No. 1 filter paper, and the appropriate solvents were evapo-

rated under vacuum at 40 °C using a Rotavapor R-200 rotary evaporator (Büchi Labor-

technik, Flawil, Switzerland). The resulting extracts were freeze-dried (Alpha 1-4 LSCplus, 

Osterode am Harz, Germany) and stored tightly closed at −20 °C until further analysis. 

The extraction yield was assessed using mass balance. 

2.2. Microbiological Analysis of Herbal Raw Materials 

The microbiological purity of herbal raw materials used for extract preparation was 

assessed by conventional culture-based methods. The analyses included enumerating to-

tal aerobic mesophilic microorganisms, Enterobacteriaceae bacteria, coliform bacteria, and 

yeasts and molds. The determinations were performed according to the relevant Polish 

and international standards: ISO 4833-1:2013 [19] for total aerobic mesophilic microorgan-

isms, ISO 21528-2:2017 [20] for Enterobacteriaceae, ISO 4832:2006 [21] for coliform bacteria, 

and ISO 21527-2:2008 [22] for yeasts and molds. 

For each herbal material, 10 g of dried sample was aseptically weighed and trans-

ferred into 90 mL of diluent. For enumerating total aerobic mesophilic microorganisms, 

Enterobacteriaceae, and coliform bacteria, physiological peptone saline was used as the dil-
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uent. For the enumeration of yeasts and molds, buffered peptone water supplemented 

with 30% glycerol was applied. The samples were homogenized for 1 min using a stom-

acher, and decimal dilutions were prepared in the same diluent. The total aerobic meso-

philic count was determined using the pour plate method on Plate Count Agar (PCA) 

supplemented with yeast extract, glucose, and casein peptone. Aliquots of 1 mL from ap-

propriate decimal dilutions were transferred onto sterile Petri dishes in duplicate, over-

laid with molten PCA medium, gently mixed, and incubated at 30 °C for 72 h. The number 

of Enterobacteriaceae was determined by the pour plate method using Violet Red Bile 

Glucose Agar (VRBG). Aliquots of 1 mL from appropriate dilutions were transferred onto 

sterile Petri dishes, overlaid with molten VRBG medium, gently mixed, and incubated at 

37 °C for 24 h. Coliform bacteria were enumerated using the pour plate method on Violet 

Red Bile Lactose Agar (VRBL). Aliquots of 1 mL from appropriate dilutions were trans-

ferred onto sterile Petri dishes, overlaid with molten VRBL medium, mixed carefully, and 

incubated at 37 °C for 24 h. Yeasts and molds were enumerated using the surface plate 

method on Dichloran Glycerol Agar (DG18). After the medium had solidified and dried, 

aliquots of the appropriate dilutions were spread over the agar surface using sterile dis-

posable spreaders. The plates were incubated at 25 °C for 7 days. 

After incubation, colonies on plates with a countable number were enumerated. The 

results were calculated in accordance with ISO 7218:2024 [23] and expressed as colony-

forming units per gram of dry herbal material (CFU/g). For data presentation, the results 

were converted to logarithmic values and expressed as log CFU/g. The detection limit of 

the plate count methods was 10 CFU/g, corresponding to 1.0 log CFU/g; results below this 

limit were reported as <1.0 log CFU/g. 

2.3. Total Phenolics Content Determination 

The total phenolics content of the freeze-dried herbal extracts was determined using 

the Folin–Ciocalteu reagent according to the method described by Singleton and Rossi 

[24], with minor modifications. From the stock solution of each herbal extract, prepared 

by dissolving 3 mg of the extract in 2 mL of the extraction solvent, 1 mL was taken and 

diluted to 10 mL with distilled water. Next, 0.5 mL of Folin–Ciocalteu reagent was added, 

followed by 3 min by 5 mL of saturated sodium carbonate solution, and the volume was 

made up to 50 mL with distilled water. The solution was left to stand for 1 h at room 

temperature in the dark. The absorbance at 765 nm was then measured using a Shimadzu 

UV-1650 PC spectrophotometer (Kyoto, Japan). TPC was expressed as mg gallic acid 

equivalents per gram of dry extract (mg GAE/g of dry extract) using gallic acid as a refer-

ence standard (0.2–5 mg/mL). 

2.4. DPPH Radical Scavenging Activity 

The DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging activity of the herbal 

extracts was determined as described by Gow-Chin and Hui-Yin [25]. For this purpose, 

0.5 mL of the stock solution of each herbal extract, prepared by dissolving 3 mg of the 

extract in 2 mL of solvent, was mixed with 3.5 mL of methanol and 1 mL of a freshly 

prepared DPPH· solution in methanol (0.3 mmol/L). The samples were then incubated for 

10 min at room temperature in the dark. The absorbance was measured at 517 nm using a 

Shimadzu UV-1650 PC spectrophotometer (Kyoto, Japan), and the results were expressed 

as µmol Trolox equivalents (TE) per gram of dry extract using the Trolox standard in the 

range 8–40 µmol/L. 

2.5. ABTS Assay 

The ABTS radical-scavenging activity of the herbal extracts was determined accord-

ing to the procedure described by Re et al. [26]. First, ABTS radical cations were generated 
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by mixing 5 mL of a 14 mM ABTS solution with 5 mL of a 4.9 mM potassium persulphate 

solution and leaving the mixture for 12–16 h in the dark at room temperature. Then, 4 mL 

of the ABTS·+ working solution was mixed with 40 µL of the herbal extract prepared as in 

the DPPH assay, and after 6 min, the absorbance of the samples was measured at 734 nm 

using a Shimadzu UV-1650 PC spectrophotometer (Kyoto, Japan). The results were ex-

pressed as µmol Trolox equivalents (TE) per gram of dry extract, using Trolox at 0–20 µM. 

2.6. Effect of Herbal Extracts on Lactic Acid Bacteria Under In Vitro Conditions 

The effect of herbal extracts on the growth of LAB was evaluated using the agar well-

diffusion method as a preliminary screening assay. MRS agar (Merck KGaA, Darmstadt, 

Germany) was used as the culture medium. Stock solutions of the herbal extracts were 

prepared by dissolving 0.500 g of each freeze-dried extract in 2.0 mL of sterile dimethyl 

sulfoxide (DMSO), giving a concentration of 250 mg/mL. DMSO was filtered through a 

0.22 µm membrane before use and served as the solvent control. 

Seven thermophilic LAB monocultures were tested: Lactobacillus acidophilus ATCC 

4356, Lactobacillus acidophilus La-14, Lactobacillus acidophilus La-5, Lactobacillus acidophilus 

NCFM, Lactobacillus delbrueckii subsp. bulgaricus ATCC 11,842, Lactobacillus delbrueckii 

subsp. lactis ATCC 4797 and Lactobacillus helveticus LH-B01. The monocultures were ob-

tained from the Museum of Clean Cultures of the Division of Milk Technology, Warsaw 

University of Life Sciences, SGGW-WULS, Warsaw, Poland. Before the assay, each culture 

was activated overnight in MRS broth (BioMaxima, Lublin, Poland) at 37 °C. For each 

plate, 2.0 mL of overnight culture was mixed with molten MRS agar. After solidification, 

5 mm-diameter wells were cut in the agar and filled with 20 µL of extract solution or 

DMSO control. Plates were incubated anaerobically at 37 °C for 72 h using Anaerocult™ 

A (Merck KGaA, Darmstadt, Germany). Each extract-strain combination was tested in two 

independent repetitions. Inhibition was assessed by the presence of a clear halo around 

the well. The inhibition zone was measured as the width of the clear halo outside the 5 

mm well, so the well diameter was not included in the reported value. 

2.7. Effect of Herbal Extracts on Acidification and Viability of Lactic Acid Bacteria During 

Fermentation of Organic Milk and Plant-Based Beverages 

The effects of herbal extracts on LAB acidification and viable cell counts were evalu-

ated under food-matrix fermentation conditions using organic milk and plant-based bev-

erages. Lactobacillus acidophilus La-14 was selected as a model strain for the fermentation 

stage due to its high technological relevance and extensive industrial application in the 

production of functional and probiotic foods. As a well-characterized commercial strain, 

it exhibits considerable robustness in various food matrices, including dairy and plant-

based alternatives, providing a reliable and practical baseline for evaluating fermentation 

performance in the presence of herbal extracts [27–32]. 

Fermentation trials were carried out in sterile 50 mL portions of organic cow milk, 

coconut beverage, and soy beverage. Herbal extracts were added at 2 mL per sample, fol-

lowed by 2 mL of an active L. acidophilus La-14 culture previously propagated in MRS 

broth. Control samples were prepared in the same way but without herbal extracts. The 

total volume of each fermentation sample was 54 mL. Samples were mixed and incubated 

at 45 °C. Fermentation progress was monitored by pH measurement with a benchtop pH 

meter. In coconut beverage samples, pH was determined after 1.5, 3.0, 4.5, and 6.0 h of 

incubation. In organic milk and soy beverage samples, pH was additionally measured 

after 7.5 and 24.0 h. The decrease in pH was used as an indicator of acidifying activity. 

After completion of the acidification study, selected samples were analyzed for viable 

LAB count. Control samples and samples containing extracts that produced the lowest 

pH values in the fermentation experiment were selected. Viable counts were determined 
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by serial decimal dilutions and the drop plate method described by Herigstad et al. [33]. 

MRS agar plates were incubated anaerobically at 37 °C for 72 h. Results were expressed 

as colony-forming units per milliliter of sample. 

2.8. Statistical Analysis 

Except for the agar well-diffusion screening assay, which was performed in two in-

dependent repetitions and interpreted qualitatively, results were expressed as the arith-

metic mean ± standard deviation from three independent replicates. For microbiological 

analyses, colony counts were converted to log CFU/g or log CFU/mL prior to statistical 

analysis. Statistical analysis was performed using Statgraphics Plus 4.0 software (Stat-

graphics Technologies, Inc., The Plains, VA, USA). The data were analyzed by one-way 

analysis of variance (ANOVA). Significant differences between mean values were deter-

mined using Tukey’s post hoc test at p < 0.05. 

3. Results and Discussion 

3.1. Microbiological Quality of Herbal Raw Materials Used for Extract Preparation 

Three dried herbal raw materials used for extract preparation, namely mullein 

flower, blessed thistle herb, and fumitory herb, were subjected to microbiological evalua-

tion. The analysis covered total microbial count and the presence of Enterobacteriaceae, col-

iform bacteria, yeasts, and molds. This assessment was performed to document the base-

line quality of the plant material entering the extraction process and to support the repro-

ducibility of the experiment. It should not be interpreted as a direct microbiological as-

sessment of the final extracts. 

The microbiological quality of the dried herbal materials used for extract preparation 

varied markedly by botanical raw material. The total microbial count ranged from 4.57 to 

6.26 log CFU/g of product, indicating that the tested herbs were not microbiologically uni-

form before extraction (Table 1). The highest total microbial count was recorded in fumi-

tory herb, at 6.26 log CFU/g, whereas the lowest was in mullein flower, at 4.57 log CFU/g. 

Blessed thistle herb showed a slightly higher total microbial count than mullein flower, 

with 4.86 log CFU/g. More pronounced differences were observed for hygiene indicator 

microorganisms. Fumitory herb was characterized by the highest counts of Enterobacteri-

aceae and coliform bacteria, reaching 4.70 and 4.62 log CFU/g, respectively. These values 

indicate a substantially higher level of microbial contamination in this material than in the 

other tested herbs. In the mullein flower, Enterobacteriaceae and coliform bacteria were de-

tected at lower levels, 2.38 and 2.61 log CFU/g, respectively. In contrast, both microbial 

groups were below the detection limit in blessed thistle herb, with values reported as <1.00 

log CFU/g. 

Table 1. Microbial population [log CFU/g of product] in dried herbal materials. 

Microbial Group Mullein Flower Blessed Thistle Herb Fumitory Herb 

Total microbial count 4.57 ± 0.08 a 4.86 ± 0.11 b 6.26 ± 0.14 c 

Enterobacteriaceae 2.38 ± 0.09 a <1.00 4.7 ± 0.12 b 

Coliform bacteria 2.61 ± 0.07 a <1.00 4.62 ± 0.10 b 

Yeasts and molds 3.53 ± 0.12 a <1.00 3.51 ± 0.09 a 

The data are the means ± standard deviations from three independent experiments (n = 3). a,b,c Values 

within the same row, with different lowercase letters, indicate statistically significant differences at 

the significance level of p < 0.05. Values marked as <1.00 were below the limit of quantification and 

were excluded from the statistical comparison. 

The counts of yeasts and molds were similar in mullein flower and fumitory herb, 

amounting to 3.53 and 3.51 log CFU/g, respectively. No detectable growth of yeasts and 
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molds was observed in blessed thistle herb, where the value was below 1.00 log CFU/g. 

This result suggests that, despite its measurable total microbial count, blessed thistle herb 

showed the most favorable microbiological profile with respect to the tested hygiene in-

dicators and fungal contamination. 

These findings are relevant because dried herbs used as starting materials for food 

ingredients can differ in microbial load before extraction. High counts of Enterobacteri-

aceae and coliform bacteria in fumitory herb indicate that the microbiological quality of 

raw plant material should be controlled when herbs are intended for food applications. In 

the present study, the extracts were prepared with solvent extraction, evaporation, and 

freeze-drying before being used in fermentation trials. However, the microbiological sta-

tus of the final extracts was not determined. This is a limitation of the present work and 

should be included in future studies on herbal extracts intended for fermented foods. 

3.2. Extraction Yield 

The extraction yields of the herbal materials used in the study are presented in Table 

2. They varied with the type of herbal material and solvent used, as well as the solvents’ 

polarity and ability to dissolve specific groups of secondary metabolites [34–36], ranging 

from 11.96 to 38.18%. The highest values for this parameter were obtained for mullein 

flower extracts, whereas extracts obtained from the herb of blessed thistle and fumitory 

exhibited lower extraction yields. For mullein flowers, the highest extraction yield was 

obtained with water (38.18%) and 70% acetone (33.32%) as extraction solvents. The re-

maining extracts obtained from this herbal material were characterized by lower yields 

exceeding 20%, although these values were higher than those obtained for extracts from 

the herb of the C. benedictus and F. officinalis. This may be due to the presence in the chem-

ical composition of mullein flowers of compounds that have an affinity for water, such as 

phenolic compounds containing numerous hydroxyl groups capable of binding water 

molecules, or polysaccharides, including mucilages, which, being a mixture of polysac-

charides, absorb water very well, swell easily, and pass into the aqueous phase. In turn, 

the high extraction yield obtained with the acetone-water system may be due to the com-

plementary effects of both solvents. Water promotes hydration and swelling of the plant 

matrix, increasing the availability of intracellular compounds, while acetone improves the 

extraction of less-polar secondary metabolites. A similar importance of the selection of 

extraction conditions for herbal materials from the Verbascum species was emphasized by 

Angeloni et al. [37] and Babamoradi et al. [38], indicating that the extraction method and 

solvent properties influence the resulting chemical profile and the content of extracted 

components. 

For the herb of C. benedictus, the use of alcoholic solvents, i.e., 70% ethanol and 70% 

methanol, proved more beneficial, yielding slightly higher extraction yields than other 

extraction methods, including 70% acetone. This may indicate a higher proportion of com-

pounds with intermediate polarity, which are more soluble in alcohol-water mixtures 

than in water alone. The use of alcohol-water mixtures is often cited as beneficial for ex-

tracting secondary metabolites, as it allows the simultaneous elution of compounds with 

varying degrees of polarity [39]. In contrast, for F. officinalis, the highest extraction yield 

was obtained with 70% acetone (19.02%), and the lowest was after treating the herbal ma-

terial with water (14.41%). This result may be related to the specific phytochemical com-

position of this herbal material and to the presence of compounds that are more soluble 

in acetone-water systems than in water alone. The importance of optimizing extraction 

conditions for F. officinalis was emphasized in the studies by Ahmod et al. [17], which 

demonstrated that extraction process parameters influence both the phytochemical profile 

and the biological potential of the obtained extracts. 
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Table 2. Extraction yield, total phenolics content (TPC), and antioxidant activity of the plant extracts 

were determined by DPPH and ABTS assays. 

Latin Name  

of Plant 

Common Names 

(English) 

Extraction Sol-

vent 

Extraction Yield  

(%) 

TPC 

(mg GAE/ 

g of Dry Extract) 

Antioxidant Activity  

(µmol TE/g of Dry Extract) 

DPPH ABTS 

Verbascum 

thapsus L. 

mullein flower, 

great mullein, com-

mon mullein, mul-

lein 

water 38.18 ± 1.33 a 10.71 ± 0.13 a 72.94 ± 0.57 a 4.93 ± 0.09 a 

70% ethanol 23.32 ± 1.71 c 16.33 ± 0.21 b 89.67 ± 1.63 b 22.53 ± 0.98 b 

70% methanol 23.71 ± 1.82 c 15.55 ± 0.33 b 85.02 ± 0.19 b 19.00 ± 1.16 b 

70% acetone 33.32 ± 0.49 b 14.10 ± 0.13 b 79.10 ± 0.17 a,b 17.27 ± 0.82 b 

Cnicus 

benedictus L. 

blessed thistle, holy 

thistle, St. Bene-

dict’s thistle 

water 13.99 ± 0.34 g 27.53 ± 0.67 c 106.11 ± 0.10 c 47.03 ± 0.38 c 

70% ethanol 15.65 ± 0.72 e,f 43.26 ± 0.35 e 168.83 ± 0.17 e 105.60 ± 1.21 e 

70% methanol 14.89 ± 1.25 f,g 37.59 ± 0.40 d 149.03 ± 0.29 d 94.83 ± 3.64 d 

70% acetone 11.96 ± 0.62 h 41.88 ± 1.04 e 164.35 ± 0.71 e 101.07 ± 3.38 d,e 

Fumaria 

officinalis L. 

fumitory, common 

fumitory, earth 

smoke, drug fumi-

tory 

water 14.41 ± 0.96 g 37.57 ± 0.34 d 175.59 ± 0.48 e 98.27 ± 1.74 d,e 

70% ethanol 17.97 ± 1.11 d,e 50.67 ± 0.53 f 317.48 ± 0.98 f 133.46 ± 2.65 f 

70% methanol 15.03 ± 0.56 f,g 54.03 ± 0.92 g 324.33 ± 0.73 f 136.76 ± 0.98 f 

70% acetone 19.02 ± 0.73 d 58.89 ± 0.91 h 330.88 ± 1.08 f 145.37 ± 2.28 g 

The data are the means of three independent experiments ± standard deviations (n = 3). a–h Values 

in the same column with different lowercase letters indicate a significant difference at the signifi-

cance level of 0.05 (Tukey HSD). 

The results indicate that extraction efficiency depends not only on solvent polarity 

but also on plant material properties, including its phytochemical composition and the 

content of compounds extracted under specific conditions. These differences may result 

from the varying solubility of secondary metabolites present in the studied materials in 

aqueous, alcohol-water, or acetone-water systems, as confirmed by the literature on the 

extraction of bioactive compounds from medicinal plants [34,36,40]. Modern assisted ex-

traction techniques, such as ultrasound-assisted extraction (UAE) and microwave-assisted 

extraction (MAE), could further improve extraction efficiency by intensifying mass 

transport and facilitating the release of intracellular compounds from plant tissues. UAE 

is mainly associated with cavitation effects that promote cell wall disruption and solvent 

penetration, whereas MAE uses microwave energy to heat polar molecules and accelerate 

the diffusion of target compounds into the solvent. These techniques are often reported to 

shorten extraction time, reduce solvent consumption, and improve the recovery of phe-

nolic and other bioactive compounds, although their effectiveness depends strongly on 

extraction parameters and the type of plant matrix [41,42]. It should also be emphasized 

that extraction yield itself does not necessarily directly reflect the content of specific 

groups of biologically active compounds and depends not only on the type of plant ma-

terial used, but also on its origin, place of harvest, drying method, water content, and the 

presence of many other accompanying substances, which often interact with the extracted 

components. 

3.3. Total Phenolics Content (TPC) 

The total polyphenol content in the studied extracts was determined using the Folin–

Ciocalteu reagent and is presented in Table 2. The results indicate that the botanical origin 

of the herbal material was the primary factor differentiating TPC, while the extraction 

solvent modified the response within each species. Regardless of the solvent used, fumi-

tory herb was the richest source of compounds reacting with the Folin–Ciocalteu reagent, 

whereas mullein flower was characterized by the lowest total polyphenol content. The 

observed differences between herbal materials may be associated with their inherent phy-

tochemical composition, including both the qualitative and quantitative distribution of 

phenolic compounds. Variability in the structure and localization of these compounds 
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within plant tissues can influence their extractability and, consequently, the measured 

TPC. Therefore, even when similar extraction conditions are applied, the resulting poly-

phenol content may differ substantially across plant matrices. 

It was also observed that organic-water solvents favored the extraction of Folin-reac-

tive compounds compared with water, although the magnitude of this effect varied with 

the herbal material used. The most pronounced solvent-related differences were observed 

for F. officinalis, whereas in V. thapsus, the response to different organic-water solvents was 

less differentiated. These observations suggest that phenolic extraction efficiency depends 

not only on solvent polarity but also on the phytochemical composition of the plant matrix 

and the solubility of individual metabolites. It is also worth noting that the interaction 

between solvent and plant matrix may affect not only extraction efficiency but also the co-

extraction of other reducing substances. This may contribute to differences in the meas-

ured TPC values, particularly when comparing aqueous and organic-water systems. As a 

result, the interpretation of solvent effects should consider both extraction selectivity and 

the potential presence of non-phenolic reducing compounds [34,36]. 

The high total polyphenol content in fumitory extracts is consistent with reports in-

dicating that species of the genus Fumaria are important sources of polyphenolic com-

pounds and flavonoids, including rutin, isoquercitrin, phenolic acids, quercetin deriva-

tives, and kaempferol [43,44]. Previous studies also showed that the composition and ac-

tivity of F. officinalis extracts may depend on the extraction technique and temperature, 

including ultrasound- or microwave-assisted extraction [45,46]. However, direct compar-

ison with literature data should be made with caution because published results differ in 

terms of solvent composition, extraction procedure, plant material basis, and units of ex-

pression. Moreover, fumitory herb contains not only phenolic compounds but also other 

metabolites, including isoquinoline alkaloids such as protopine and chelidonine, which 

may also contribute to its biological activity [47]. 

In contrast, the lower TPC observed for V. thapsus extracts does not necessarily indi-

cate a lower functional value of this raw material. Grigorov et al. [48] showed that selected 

Verbascum species may differ considerably in chemical composition and biological activ-

ity, and the values obtained in the present study may therefore reflect both species-related 

variability and differences in extraction conditions. This is important because mullein 

flowers may originate from different pharmacopoeial species, including V. thapsus, V. den-

siflorum, or V. phlomoides. Amini et al. [49] also reported marked interspecific differences 

within the genus Verbascum, including variation in phenolic acid content, flavonoid pro-

file, and antioxidant activity. Moreover, as indicated by Turker and Gurel [50] and Gupta 

et al. [51], mullein contains other relevant constituents, including verbascoside, aucubin, 

catalpol, saponins, and polysaccharides. These compounds are not fully reflected in the 

Folin–Ciocalteu assay, so a lower TPC value should not be interpreted as a direct measure 

of lower biological potential. Therefore, in the case of V. thapsus, the total polyphenol con-

tent should be considered only as one element of a broader phytochemical profile. Simi-

larly, the phenolic profile of C. benedictus has been described as complex and dependent 

on the plant part, origin, and extraction conditions, with chlorogenic acid, rutin, quercetin 

derivatives, phenolic acids, and flavonoids frequently reported among its important con-

stituents [52–55]. In addition, sesquiterpene lactones, lignans, and tannins may contribute 

to the overall phytochemical and biological profile of this raw material [15]. 

3.4. Antioxidant Activity 

The antioxidant activity of extracts obtained from mullein flower, blessed thistle 

herb, and fumitory herb was assessed using DPPH· radicals and ABTS·+ cation radicals 

(Table 2). It varied significantly depending on the type of herbal material used and the 

solvent employed for extraction. The highest antioxidant activity, determined by the 
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DPPH method, was observed in fumitory herb extracts, regardless of the organic solvent 

used, when mixed with water at a 70:30 (solvent:water; v/v) ratio. A particularly high ca-

pacity to scavenge DPPH· radicals was found in acetone-water extracts (330.89 µmol TE/g 

of dry extract), methanol-water extracts (324.33 µmol TE/g of dry extract), and ethanol-

water extracts (317.48 µmol TE/g of dry extract) of fumitory herb. The lowest antioxidant 

activity in this group was observed in the aqueous extract of fumitory. However, the ob-

tained value—175.59 µmol TE/g of dry extract—was still higher than that determined for 

the other herbal extracts studied. It should be emphasized, however, that it was similar to 

the values obtained for extracts of the herb C. benedictus, both for those obtained using 

70% ethanol (168.83 µmol TE/g of dry extract) and 70% acetone (164.35 µmol TE/g of dry 

extract). A slightly lower antioxidant activity of the herb C. benedictus was obtained for the 

methanol extract (149.03 µmol TE/g of dry extract). In turn, the weakest effect on DPPH· 

radicals among the extracts of this herbal material was demonstrated by the aqueous ex-

tract (106.11 µmol TE/g of dry extract). These results indicate that, for both herbal materi-

als, despite differences in the numerical values, mixtures of organic solvents with water 

were more effective than water alone for extracting compounds capable of neutralizing 

DPPH· radicals. This phenomenon can be explained by the intermediate polarity of aque-

ous-organic systems, which enables more efficient extraction of compounds with varying 

polarities. The presence of water promotes hydration and swelling of the plant material, 

facilitating the release of components from the cell matrix. At the same time, the organic 

solvent improves the solubility of less polar secondary metabolites, which may contribute 

to the antioxidant activity of the extracts studied. 

The lowest ability to scavenge DPPH· radicals was found for mullein flower extracts, 

particularly the aqueous extract (72.94 µmol TE/g of dry extract) and the acetone-water 

extract (79.10 µmol TE/g of dry extract). The slight differences in the numerical values 

obtained for all mullein flower extracts may suggest either a lower content of reducing 

compounds that react in the DPPH test or a lower susceptibility of these compounds to 

extraction by the solvents used. In turn, Kolarov et al. [56] demonstrated that the antioxi-

dant activity of V. phlomoides extracts significantly depended on the solvent system used. 

In the DPPH test, the acetone-water extract exhibited the highest activity, while the aque-

ous extract demonstrated the lowest. Furthermore, mullein flowers were characterized by 

higher antioxidant activity compared to the leaves, due to their higher flavonoid content. 

Zhang et al. [57] demonstrated a lower ability to scavenge DPPH· radicals by the methanol 

extract of V. thapsus compared to standard antioxidants such as BHT or BHA. However, 

among the aqueous and methanol extracts of three mullein species: V. nigrum, V. phlomoi-

des, and V. thapsus, the methanol extract of V. nigrum was characterized by the highest 

antioxidant activity, associated with the highest content of verbascoside, a compound re-

sponsible for the medicinal properties of mullein, also having anti-inflammatory and an-

tiviral effects [58]. Therefore, differences in the results may be due to variations in the 

plant species and habitat of the plant material, the conditions under which the extract was 

prepared, and the varying concentrations of individual active compounds. 

When antioxidant activity was determined using ABTS·+ cation radicals, mullein 

flower extracts also showed the lowest antioxidant activity, ranging from 4.93 to 22.53 

µmol TE/g of dry extract. Similar to the DPPH method, the highest antioxidant activity 

was observed in fumitory herb extracts, namely the acetone-water extract (145.36 µmol 

TE/g of dry extract), the methanol-water extract (136.76 µmol TE/g of dry extract), and the 

ethanol-water extract (133.46 µmol TE/g of dry extract). In turn, the antioxidant activity of 

extracts of the C. benedictus herb using ABTS + cation radicals ranged from 47.03 to 105.60 

µmol Trolox/g of dry extract. Aqueous C. Benedictus extracts, as well as those obtained 

using the DPPH assay, were characterized by lower numerical values than their counter-

parts obtained using mixtures of organic solvents with water. Foss et al. [52] also assessed 

https://doi.org/10.3390/app16136786


Appl. Sci. 2026, 16, 6786 11 of 20 
 

https://doi.org/10.3390/app16136786 

the antioxidant activity of ten herbal materials, including the whole herb of C. benedictus, 

using the ABTS and DPPH assays. Non-hydrolyzed extracts and fractions obtained after 

alkaline and acid hydrolysis were analyzed, which allowed for the inclusion of phenolic 

compounds present in both free and bound forms. The C. benedictus herb exhibited the 

lowest antioxidant activity among the extracts studied. In the ABTS test, the largest con-

tribution to its antioxidant activity came from phenolic compounds released after alkaline 

hydrolysis, whereas in the DPPH test, it came from compounds released after acid hy-

drolysis. In turn, Paun et al. [59] demonstrated that an extract from the aerial parts of C. 

benedictus, enriched in polyphenols and concentrated by ultrafiltration and nanofiltration, 

exhibited high antioxidant activity, comparable to that of ascorbic acid. These results in-

dicate that the antioxidant potential of the C. benedictus depends not only on the type of 

herbal material but also on the extraction method and the degree of polyphenolic com-

pound concentration. 

3.5. Growth Response of Lactic Acid Bacteria to Herbal Extracts In Vitro 

The growth response of LAB to the herbal extracts was evaluated using the agar well-

diffusion method. Seven LAB strains were tested: L. acidophilus ATCC 4356, L. acidophilus 

La-14, L. acidophilus La-5, L. acidophilus NCFM, L. delbrueckii subsp. bulgaricus ATCC 

11,842, L. delbrueckii subsp. lactis ATCC 4797 and L. helveticus LH-B01. 

The tested LAB strains showed high tolerance to the herbal extracts. No biologically 

relevant inhibition zones were observed in any of the 84 extract-strain combinations under 

the tested conditions. The only borderline halo was observed for L. acidophilus La-14 ex-

posed to the 70% ethanolic extract of C. benedictus L. (DL-E). The halo width was 1.00 to 

1.50 mm outside the 5 mm well. Because this response was very small, occurred only in 

one strain-extract combination and was not confirmed for other L. acidophilus strains, it 

was not considered convincing evidence of relevant antibacterial activity against LAB un-

der the tested conditions. 

Overall, the inhibitory response was not associated with LAB species in general, but 

rather with a single strain-extract combination. From a technological perspective, the lack 

of measurable inhibition against nearly all tested strains suggests that the extracts can be 

further screened using LAB cultures intended for fermented food production. At the same 

time, the borderline response of L. acidophilus La-14 shows that strain-level testing remains 

necessary before selecting LAB cultures for products enriched with plant extracts. 

The lack of inhibition zones for most combinations is consistent with previous reports 

showing that selected herbal or plant-derived additives do not necessarily suppress LAB 

growth. Ziarno et al. [60] observed that selected herbal extracts did not inhibit the growth 

of lactic acid bacteria in fermented milk beverages, including yogurts, although higher 

extract levels could gradually slow fermentation. Similarly, Booyens and Thantsha [61] 

reported no visible inhibition zones for L. acidophilus exposed to garlic extracts. Compara-

ble findings were also reported by Li et al. [62], who showed that onion juice stimulated 

the growth and acidification activity of L. acidophilus NCFM in milk. According to these 

authors, the stimulatory effect may be associated with the complex composition of onion 

juice, including polyphenols, sulfur compounds, fructans and minerals. 

The present results also agree with the broader view that interactions between LAB 

and plant phenolics are not uniformly inhibitory. Rodríguez et al. [63] emphasized that 

LAB are frequently associated with plant-derived food substrates and may tolerate or me-

tabolize phenolic compounds. Therefore, the absence of inhibition zones in the present 

experiment may reflect both the intrinsic resistance of the tested LAB strains and the lim-

ited antibacterial activity of the extracts under diffusion-test conditions. 

These findings are useful for designing fermented foods containing plant extracts, 

but the agar well-diffusion method provides only preliminary information. The high tol-
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erance observed in this assay should therefore be interpreted not only as the absence of 

direct growth inhibition, but also as a possible indication of strain-dependent adaptation 

to phenolic-rich environments [63]. In food matrices, LAB may respond to phenolic com-

pounds through stress-adaptation mechanisms and enzymatic conversion of selected sub-

strates, including hydrolysis, deglycosylation, decarboxylation or reduction reactions. 

Such transformations may reduce the inhibitory pressure of some phenolics and generate 

derivatives with different antimicrobial, antioxidant or sensory properties [12]. Since phe-

nolic metabolite profiling was not performed in the present study, this mechanism should 

be considered a possible explanation and a direction for future research rather than a di-

rectly confirmed result. It does not fully reflect LAB behavior in food systems, where sub-

strate composition, buffering capacity, sugar availability, oxygen level, extract concentra-

tion and phenolic bioavailability may affect acidification and survival. Therefore, L. aci-

dophilus La-14 was selected for subsequent food-matrix fermentation trials as a primary 

model strain. The selection of this specific strain was fundamentally driven by its well-

documented commercial relevance and widespread industrial application in functional 

beverage development. This predefined criterion ensures that the fermentation results are 

technologically applicable, clarifying that the incidental borderline response observed in 

the screening assay was not the scientific basis for its selection. 

3.6. Acidification Kinetics During Fermentation 

The acidifying activity of L. acidophilus La-14 depended strongly on the type of fer-

mented matrix. The fastest decrease in pH was observed in organic coconut beverage, 

whereas the soy beverage and organic milk showed slower acidification and required a 

longer incubation time to reach the target acidic range. In the coconut beverage, the initial 

pH was 7.05 and decreased rapidly during the first 1.5 h of fermentation (Figure 1A). The 

most pronounced early acidification was observed in the sample supplemented with the 

aqueous extract of F. officinalis L., for which the pH decreased to 5.82. After 6 h of incuba-

tion, the pH values of the coconut beverage samples ranged from 4.38 to 4.79, indicating 

that the fermentation process could be stopped at this stage. The control sample acidified 

more slowly during the first 4.5 h and only then showed a rapid pH decrease, from 6.47 

to 4.74. This suggests that selected herbal extracts did not inhibit acidification in the coco-

nut matrix and, in some variants, may have favored faster pH reduction. 

The soy beverage showed a more gradual decrease in pH (Figure 1B). The initial pH 

was 7.06, and after 1.5 h it remained in a narrow range, from 6.55 to 6.68. After 6 h, the pH 

dropped below 6.0 in only some samples, with the lowest value, 5.67, recorded in the 

sample containing the ethanolic extract of V. thapsus L. After 7.5 h, all samples still had 

pH values above 5.0. Therefore, fermentation was continued for up to 24 h, when all soy 

beverage samples reached pH values between 4.31 and 4.56. In contrast to the coconut 

beverage, the differences between the control sample and the herbal extract samples were 

small, indicating that the soy matrix had a stronger effect on fermentation kinetics than 

the extract type. 

Organic milk was the slowest acidifying matrix (Figure 1C). The initial pH was 6.70, 

which decreased to approximately 6.40 after 1.5 h across all variants. During the next 

hours, pH changes remained limited, and after 7.5 h, the pH values were still above 6.0. 

The lowest value at this stage, 6.13, was recorded for the sample with the aqueous extract 

of F. officinalis L. After 24 h, most milk samples reached pH values near 4.0. However, 

three samples containing extracts of C. benedictus L. remained above pH 6.0: the ethanolic 

extract (6.14), the acetonic extract (6.16) and the methanolic extract (6.16). These results 

indicate that some extracts obtained from C. benedictus L. in milk may delay acidification. 

The rapid acidification of the coconut beverage was unexpected because coconut ma-

trices are usually regarded as less favorable substrates for LAB fermentation due to their 
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relatively low content of fermentable carbohydrates. Soy beverages, in contrast, contain 

carbohydrates such as glucose, fructose and raffinose, which may support LAB metabo-

lism more effectively [64]. The present results therefore suggest that the commercial com-

position of the coconut beverage, including possible naturally occurring or added sugars, 

should be considered when interpreting fermentation performance. Similar observations 

concerning matrix-dependent acidification were reported by Ladokun and Oni [65], who 

showed differences in pH changes among fermented products prepared from cow milk, 

soy milk and coconut milk. 

 
(A) 

 
(B) 

https://doi.org/10.3390/app16136786


Appl. Sci. 2026, 16, 6786 14 of 20 
 

https://doi.org/10.3390/app16136786 

 
(C) 

Figure 1. Changes in pH of coconut beverage (A), soy beverage (B) and milk (C) with selected herbal 

extracts during fermentation. Legend: The sample codes are constructed using a two-part identifi-

cation system. The first component, consisting of two letters, corresponds to the plant species: DZ 

refers to V. thapsus L., DL refers to C. benedictus L. and DY refers to F. officinalis L. The second com-

ponent, following the hyphen, denotes the extraction solvent: W denotes water, E denotes 70% eth-

anol, M denotes 70% methanol and A denotes 70% acetone. The same lowercase letters indicate no 

statistically significant difference between means at p = 0.05. 

3.7. Viability of Lactic Acid Bacteria After Fermentation 

The concentration of viable LAB cells remained high in all analyzed matrices, regard-

less of the presence or absence of herbal extracts (Figure 2). All variants within each matrix 

were assigned to the same statistical grouping. Therefore, the data support the conclusion 

that supplementation with herbal extract did not significantly affect LAB viability under 

the tested conditions. In the coconut and soy beverages, viable LAB counts remained near 

9 log CFU/mL. In milk, counts were lower but still exceeded 7 log CFU/mL in all analyzed 

samples. 
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Figure 2. Viability of LAB cells in coconut beverage (A), soy beverage (B), and milk (C) containing 

selected herbal extracts. Legend: The sample codes are constructed using a two-part identification 

system. The first component, consisting of two letters, corresponds to the plant species: DZ refers to 

V. thapsus L., DL refers to C. benedictus L., and DY refers to F. officinalis L. The second component, 

following the hyphen, denotes the extraction solvent: W denotes water, E denotes 70% ethanol, M 

denotes 70% methanol, and A denotes 70% acetone. The same lowercase letter indicates no statisti-

cally significant difference between means at p = 0.05. 

All analyzed samples contained more than 7 log CFU/mL of viable LAB. This level is 

relevant for the technological assessment of fermented beverages containing live LAB cul-

tures. Kowalska and Ziarno [66] reported that fermented cereal and pseudocereal bever-

ages containing LAB and bifidobacteria may maintain viable cell counts above 7 log 

CFU/mL. The present results are consistent with this observation and indicate that the 

tested herbal extracts did not compromise LAB survival in coconut, soy, or milk matrices. 

LAB survival in fermented products depends on the bacterial genus, species, and 

strain; the chemical composition of the matrix; acidity; oxygen availability; and storage 
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conditions. Zaręba et al. [67] showed that the survival of yogurt bacteria and probiotic 

strains in fermented and non-fermented milk models depended on the type of microor-

ganisms and environmental conditions. In the present study, the high viable counts ob-

served after fermentation indicate that the tested extracts support LAB survival under the 

applied conditions. They should not be interpreted as a direct measure of overall LAB 

metabolic activity. 

The results show that herbal extracts may be used in the tested fermented beverages 

without adversely affecting LAB viability. However, their effect on acidification kinetics 

depended on the matrix. The coconut beverage fermented most rapidly, the soy beverage 

showed slower acidification, and milk required the longest fermentation time, with ex-

tract-dependent delay in samples containing selected C. benedictus extracts. From a tech-

nological perspective, the most promising variants were those in which rapid pH reduc-

tion was accompanied by high LAB survival. The coconut beverage supplemented with 

selected extracts met this condition after 6 h of fermentation. The soy beverage also sup-

ported high LAB counts, but it required 24 h to reach the target acidity. Milk maintained 

adequate LAB viability, but selected extracts delayed acidification. These findings are rel-

evant to functional fermented foods and plant-based fermented beverages, in which 

herbal extracts may be used to add antioxidant compounds while maintaining live LAB 

counts. Any claims related to gut microbiota modulation, precision nutrition, or health 

effects would require additional studies, including strain-specific functionality, metabo-

lite formation, phenolic stability during digestion and controlled storage tests. 

4. Conclusions 

The present study demonstrates that herbal extracts from V. thapsus, C. benedictus, 

and F. officinalis are technologically compatible with lactic acid bacteria in fermented food 

matrices. The extracts exhibited no biologically relevant inhibition zones against the tested 

LAB strains, and viable LAB counts exceeded 7 log CFU/mL in all analyzed fermented 

samples. The technological response and fermentation kinetics were dictated primarily by 

the physicochemical properties of the food matrix rather than the herbal additives. Coco-

nut beverages facilitated the most rapid acidification, while soy beverages and organic 

milk required extended fermentation times, with selected extracts occasionally causing 

minor delays. Among the evaluated botanicals, fumitory and blessed thistle yielded the 

most advantageous phenolic and antioxidant profiles, particularly when obtained via 

aqueous-organic extraction. Consequently, these findings validate the application of the 

selected herbal extracts as functional, plant-derived ingredients for fermented dairy and 

plant-based beverages. Future technological deployment requires a targeted formulation 

process that strictly aligns the specific extract’s bioactive profile with the chosen LAB 

strain and the intrinsic properties of the matrix to optimize fermentation performance. 

Author Contributions: Conceptualization, M.K. and M.Z.; formal analysis, M.K., M.Z., I.P., I.Ś. and 

H.K.; investigation, M.K., M.Z., I.P., I.Ś. and H.K.; writing—original draft preparation, M.K., M.Z., 

I.P., I.Ś. and H.K.; writing—review and editing, M.K., M.Z., I.P., I.Ś. and H.K.; visualization, M.K., 

M.Z., I.P., I.Ś. and H.K.; supervision, M.K. and M.Z. All authors have read and agreed to the pub-

lished version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data that support the findings of this study are available from the 

corresponding authors (M.K. and M.Z.) upon reasonable request. 

https://doi.org/10.3390/app16136786


Appl. Sci. 2026, 16, 6786 17 of 20 
 

https://doi.org/10.3390/app16136786 

Acknowledgments: The authors would like to thank M.W. and D.M. for their technical assistance 

during the experimental procedures. Their support significantly contributed to the successful com-

pletion of this study. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1. Tangyu, M.; Muller, J.; Bolten, C.J.; Wittmann, C. Fermentation of plant-based milk alternatives for improved flavour and nu-

tritional value. Appl. Microbiol. Biotechnol. 2019, 103, 9263–9275. https://doi.org/10.1007/s00253-019-10175-9. 

2. Vigar, V.; Myers, S.; Oliver, C.; Arellano, J.; Robinson, S.; Leifert, C. A Systematic Review of Organic Versus Conventional Food 

Consumption: Is There a Measurable Benefit on Human Health? Nutrients 2019, 12, 7. https://doi.org/10.3390/nu12010007. 

3. Meier, M.S.; Stoessel, F.; Jungbluth, N.; Juraske, R.; Schader, C.; Stolze, M. Environmental impacts of organic and conventional 

agricultural products-Are the differences captured by life cycle assessment? J. Environ. Manag. 2015, 149, 193–208. 

https://doi.org/10.1016/j.jenvman.2014.10.006. 

4. Sokra, I.; Meta, H. Types of Fermentation in Food and Beverage Processing: Principles, Microorganisms, and Applications. J. 

Agric. Technol. 2025, 1, 114–127. https://doi.org/10.5281/zenodo.18044914. 

5. Anumudu, C.K.; Miri, T.; Onyeaka, H. Multifunctional Applications of Lactic Acid Bacteria: Enhancing Safety, Quality, and 

Nutritional Value in Foods and Fermented Beverages. Foods 2024, 13, 3714. https://doi.org/10.3390/foods13233714. 

6. Sun-Waterhouse, D.-X.; Chen, X.-Y.; Liu, Z.-H.; Waterhouse, G.I.N.; Kang, W.-Y. Transformation from traditional medicine-

food homology to modern food-medicine homology. Food Med. Homol. 2024, 1, 9420014. 

https://doi.org/10.26599/FMH.2024.9420014. 

7. Zhang, Y.; Cong, B. The development road of Chinese characteristic food & medicine homology. Food Med. Homol. 2026, 3, 

9420104. https://doi.org/10.26599/FMH.2026.9420104. 

8. Kozłowska, M.; Ścibisz, I.; Przybył, J.L.; Laudy, A.E.; Majewska, E.; Tarnowska, K.; Małajowicz, J.; Ziarno, M. Antioxidant and 

Antibacterial Activity of Extracts from Selected Plant Material. Appl. Sci. 2022, 12, 9871. https://doi.org/10.3390/app12199871. 

9. Kozłowska, M.; Ścibisz, I.; Przybył, J.; Ziarno, M.; Żbikowska, A.; Majewska, E. Phenolic Contents and Antioxidant Activity of 

Extracts of Selected Fresh and Dried Herbal Materials. Pol. J. Food Nutr. Sci. 2021, 71, 269–278. 

https://doi.org/10.31883/pjfns/139035. 

10. Wang, Y.; Wu, J.; Lv, M.; Shao, Z.; Hungwe, M.; Wang, J.; Bai, X.; Xie, J.; Wang, Y.; Geng, W. Metabolism characteristics of lactic 

acid bacteria and the expanding applications in food industry. Front. Bioeng. Biotechnol. 2021, 9, 612285. 

https://doi.org/10.3389/fbioe.2021.612285. 

11. Oulahal, N.; Degraeve, P. Phenolic-rich plant extracts with antimicrobial activity: An alternative to food preservatives and bio-

cides? Front. Microbiol. 2022, 12, 753518. https://doi.org/10.3389/fmicb.2021.753518. 

12. Gaur, G.; Gänzle, M.G. Conversion of (poly)phenolic compounds in food fermentations by lactic acid bacteria: Novel insights 

into metabolic pathways and functional metabolites. Curr. Res. Food Sci. 2023, 6, 100448. 

https://doi.org/10.1016/j.crfs.2023.100448. 

13. Blanco-Salas, J.; Hortigón-Vinagre, M.P.; Morales-Jadán, D.; Ruiz-Téllez, T. Searching for Scientific Explanations for the Uses of 

Spanish Folk Medicine: A Review on the Case of Mullein (Verbascum, Scrophulariaceae). Biology 2021, 10, 618. 

https://doi.org/10.3390/biology10070618. 

14. Tiwana, G.; Fua, J.; Lu, L.; Matthew, J.; Cheesman, M.J.; Cock, I.E. A Review of the Traditional Uses, Medicinal Properties and 

Phytochemistry of Centaurea benedicta L. Pharmacogn. J. 2021, 13, 798–812. https://doi.org/10.5530/pj.2021.13.102. 

15. Ziętal, K.; Mirowska-Guzel, D.; Nowaczyk, A.; Blecharz-Klin, K. Cnicus benedictus: Folk medicinal uses, biological activities, and 

in silico screening of main phytochemical constituents. Planta Med. 2024, 90, 976–991. https://doi.org/10.1055/a-2401-6049. 

16. Aguiar, R. Fumaria officinalis L. active compounds and biological activities: A review. Int. J. Herb. Med. 2023, 11, 144–151. 

https://doi.org/10.22271/flora.2023.v11.i5b.900. 

17. Ahmoda, R.A.; Pirković, A.; Milutinović, V.; Milošević, M.; Marinković, A.; Jovanović, A.A. Fumaria officinalis Dust as a Source 

of Bioactives for Potential Dermal Application: Optimization of Extraction Procedures, Phytochemical Profiling, and Effects 

Related to Skin Health Benefits. Plants 2025, 14, 352. https://doi.org/10.3390/plants14030352. 

18. Ziarno, M.; Kozłowska, M.; Ratusz, K.; Hasalliu, R. Effect of the Addition of Selected Herbal Extracts on the Quality Character-

istics of Flavored Cream and Butter. Foods 2023, 12, 471. https://doi.org/10.3390/foods12030471. 

https://doi.org/10.3390/app16136786


Appl. Sci. 2026, 16, 6786 18 of 20 
 

https://doi.org/10.3390/app16136786 

19. ISO 4833-1:2013; Microbiology of the Food Chain—Horizontal Method for the Enumeration of Microorganisms Part 1: Colony 

Count at 30 °C by the Pour Plate Technique. International Organization for Standardization: Geneva, Switzerland, 2013. 

20. ISO 21528-2:2017; Microbiology of the Food Chain—Horizontal Method for the Detection and Enumeration of Enterobacteri-

aceae Part 2: Colony-Count Technique. International Organization for Standardization: Geneva, Switzerland, 2017. 

21. ISO 4832:2006; Microbiology of Food and Animal Feeding Stuffs—Horizontal Method for the Enumeration of Coliforms—Col-

ony-Count Technique. International Organization for Standardization: Geneva, Switzerland, 2006. 

22. ISO 21527-2:2008; Microbiology of Food and Animal Feeding Stuffs—Horizontal Method for the Enumeration of Yeasts and 

Moulds Part 2: Colony Count Technique in Products with Water Activity Less than or Equal to 0.95. International Organization 

for Standardization: Geneva, Switzerland, 2008. 

23. ISO 7218:2024; Microbiology of the Food Chain—General Requirements and Guidance for Microbiological Examinations. Inter-

national Organization for Standardization: Geneva, Switzerland, 2024. 

24. Singleton, V.L.; Rossi, J.A. Colorimetry of total phenolics with phosphomolybdic–phosphotungstic acid reagents. Am. J. Enol. 

Vitic. 1965, 16, 144–158. 

25. Gow-Chin, Y.; Hui-Yin, C. Antioxidant activity of various tea extracts in relation to their antimutagenicity. J. Agric. Food Chem. 

1995, 43, 27–32. https://doi.org/10.1021/jf00049a007. 

26. Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an improved ABTS 

radical cation decolorization assay. Free Radic. Biol. Med. 1999, 26, 1231–1237. https://doi.org/10.1016/S0891-5849(98)00315-3. 

27. Sew, S.W.; Lu, Y.; Taniasuri, F.; Liu, S.Q. Chemical analysis and flavour compound changes of vegetable blend slurry fermented 

with selected probiotic bacteria. Food Biosci. 2022, 47, 101784. https://doi.org/10.1016/j.fbio.2022.101784. 

28. da Cruz Nascimento, S.S.; de Oliveira, T.R.; Dos Santos Lima, M.; de Oliveira Tavares, R.M.; Damasceno, K.S.F.D.S.C.; de Assis, 

C.F.; Passos, T.S.; de Sousa Júnior, F.C. Oat-grape beverages enriched with anthocyanins from jambolan (Syzygium cumini): A 

novel plant-based probiotic functional food. Food Chem. 2025, 30, 144673. https://doi.org/10.1016/j.foodchem.2025.144673. 

29. Lollo, P.C.B.; A.G.; Cruz, A.G.; Morato, P.N.; Moura, C.S.; Carvalho-Silva, L.B.; Oliveira, C.A.F.; Faria, J.A.F.; Amaya-Farfan, J. 

Probiotic cheese attenuates exercise-induced immune suppression in Wistar rats. J. Dairy Sci. 2012, 95, 3549–3558. 

https://doi.org/10.3168/jds.2011-5124. 

30. Turroni, S.; Vitali, B.; Bendazzoli, C.; Candela, M.; Gotti, R.; Federici, F.; Pirovano, F.; Brigidi, P. Oxalate consumption by lacto-

bacilli: Evaluation of oxalyl-CoA decarboxylase and formyl-CoA transferase activity in Lactobacillus acidophilus. J. Appl. Micro-

biol. 2007, 103, 1600–1609. https://doi.org/10.1111/j.1365-2672.2007.03388.x. 

31. Ribeiro, K.M.; Pereira, L.C.; de Souza, C.H.B.; Saad, S.M.I. Comportamento de cepas distintas de Lactobacillus acidophilus em 

queijo petit-suisse. Arch. Latinoam. Nutr. 2012, 62, 347–354. 

32. Orlova, S.V.; Nikitina, Е.А.; Popadyuk, V.I.; Kuznetsova, N.V.; Kirichenko, I.M. Antibacterial, probiotic and immunomodula-

tory properties of L. acidophilus La-14. Med. Alph. 2023, 29, 62–66. https://doi.org/10.33667/2078-5631-2023-29-62-66. (In Russian). 

33. Herigstad, B.; Hamilton, M.; Heersink, J.: How to optimize the drop plate method for enumerating bacteria. J. Microbiol. Methods 

2001, 44, 121–129. https://doi.org/10.1016/s0167-7012(00)00241-4. 

34. Abubakar, A.R.; Haque, M. Preparation of Medicinal Plants: Basic Extraction and Fractionation Procedures for Experimental 

Purposes. J. Pharm. Bioallied Sci. 2020, 12, 1–10. https://doi.org/10.4103/jpbs.JPBS_175_19. 

35. Bitwell, C.; Indra, S.S.; Luke, C.; Kakoma, M.K. A review of modern and conventional extraction techniques and their applica-

tions for extracting phytochemicals from plants. Sci. Afr. 2023, 19, e01585. https://doi.org/10.1016/j.sciaf.2023.e01585. 

36. Lee, J.-E.; Jayakody, J.T.M.; Kim, J.-I.; Jeong, J.-W.; Choi, K.-M.; Kim, T.-S.; Seo, C.; Azimi, I.; Hyun, J.; Ryu, B. The Influence of 

Solvent Choice on the Extraction of Bioactive Compounds from Asteraceae: A Comparative Review. Foods 2024, 13, 3151. 

https://doi.org/10.3390/foods13193151. 

37. Angeloni, S.; Zengin, G.; Sinan, K.I.; Ak, G.; Maggi, F.; Caprioli, G.; Kaplan, A.; Bahşi, M.; Çakılcıoğlu, U.; Bouyahya, A.; et al. 

An insight into Verbascum bombyciferum extracts: Different extraction methodologies, biological abilities and chemical profiles. 

Ind. Crops Prod. 2021, 161, 113201. https://doi.org/10.1016/j.indcrop.2020.113201. 

38. Babamoradi, N.; Yousefi, S.; Ziarati, P. Optimization of ultrasound-assisted extraction of functional polysaccharides from com-

mon mullein (Verbascum thapsus L.) flowers. J. Food Process Eng. 2018, 41, e12851. https://doi.org/10.1111/jfpe.12851. 

39. Chuo, S.C.; Nasir, H.M.; Mohd-Setapar, S.H.; Mohamed, S.F.; Ahmad, A.; Wani, W.A.; Muddassir, M.; Alarifi, A. A Glimpse 

into the Extraction Methods of Active Compounds from Plants. Crit. Rev. Anal. Chem. 2022, 52, 667–696. 

https://doi.org/10.1080/10408347.2020.1820851. 

https://doi.org/10.3390/app16136786


Appl. Sci. 2026, 16, 6786 19 of 20 
 

https://doi.org/10.3390/app16136786 

40. Nadeem, A.; Ahmed, B.; Shahzad, H.; Craker, L.E.; Muntean, T. Verbascum thapsus (Mullein) Versatile Polarity Extracts: GC-MS 

Analysis, Phytochemical Profiling, Anti-bacterial Potential and Anti-oxidant Activity. Pharmacogn. J. 2021, 13, 1488–1497. 

https://doi.org/10.5530/pj.2021.13.189. 

41. Chemat, F.; Rombaut, N.; Sicaire, A.-G.; Meullemiestre, A.; Fabiano-Tixier, A.-S.; Abert-Vian, M. Ultrasound assisted extraction 

of food and natural products. Mechanisms, techniques, combinations, protocols and applications. A review. Ultrason. Sonochem. 

2017, 34, 540–560. https://doi.org/10.1016/j.ultsonch.2016.06.035. 

42. Gallo, M.; Ferracane, R.; Graziani, G.; Ritieni, A.; Fogliano, V. Microwave assisted extraction of phenolic compounds from four 

different spices. Molecules 2010, 15, 6365–6374. https://doi.org/10.3390/molecules15096365. 

43. Păltinean, R.; Mocan, A.; Vlase, L.; Gheldiu, A.M.; Crișan, G.; Ielciu, I.; Voștinaru, O.; Crișan, O. Evaluation of Polyphenolic 

Content, Antioxidant and Diuretic Activities of Six Fumaria Species. Molecules 2017, 22, 639–652. https://doi.org/10.3390/mole-

cules22040639. 

44. Edziri, H.; Guerrab, M.; Anthonissen, R.; Mastouri, M.; Verschaeve, L. Phytochemical screening, antioxidant, anticoagulant and 

in vitro toxic and genotoxic properties of aerial parts extracts of Fumaria officinalis L. growing in Tunisia. South Afr. J. Bot. 2020, 

130, 268–273. https://doi.org/10.1016/j.sajb.2020.01.014. 

45. Ahmoda, R.A.; Pirković, A.; Milošević, M.; Krstić, A.; Erceg, T.; Marinković, A.; Jovanović, A.A. Fourier-transform infrared 

spectra, mineral composition, and biological potential of lyophilized Fumaria officinalis waste extracts. Compr. Plant Biol. 2025, 

49, 329–350. https://doi.org/10.2298/CPB2502329A. 

46. Ahmoda, R.A.; Pirković, A.; Milošević, M.; Marinković, A.; Jovanović, A. The impact of various temperatures on polyphenol 

and flavonoid extraction from Fumaria officinalis herba. Eng. Proc. 2025, 99, 15. https://doi.org/10.3390/engproc2025099015. 

47. Păltinean, R.; Toiu, A.; Wauters, J.N.; Frédérich, M.; Tits, M.; Angenot, L.; Tămaș, M.; Crișan, G. Phytochemical analysis of 

Fumaria officinalis L. (Fumariaceae). Farmacia 2016, 64, 409–413. 

48. Grigorov, M.; Pavlović, D.; Zlatković, B.; Dragićević, A.; Tadić, V.; Matejić, J.; Mladenović Antić, S.; Ilić, D.; Nešić, I. Comparative 

study of three Verbascum species (V. phlomoides, V. niveum and V. speciosum)-Chemical characterization and biological activities. 

Nat. Prod. Commun. 2025, 20, 1–15. https://doi.org/10.1177/1934578X251372422. 

49. Amini, S.; Hassani, A.; Alirezalu, A.; Maleki, R. Phenolic and flavonoid compounds and antioxidant activity in flowers of nine 

endemic Verbascum species from Iran. J. Sci. Food Agric. 2022, 102, 3250–3258. https://doi.org/10.1002/jsfa.11667. 

50. Turker, A.U.; Gurel, E. Common mullein (Verbascum thapsus L.): Recent advances in research. Phytother. Res. 2005, 19, 733–739. 

https://doi.org/10.1002/ptr.1653. 

51. Gupta, A.; Atkinson, A.N.; Pandey, A.K.; Bishayee, A. Health-promoting and disease-mitigating potential of Verbascum thapsus 

L. (common mullein): A review. Phytother. Res. 2022, 36, 1507–1522. https://doi.org/10.1002/ptr.7393. 

52. Foss, K.; Przybyłowicz, K.E.; Sawicki, T. Antioxidant activity and profile of phenolic compounds in selected herbal plants. Plant 

Foods Hum. Nutr. 2022, 77, 383–389. https://doi.org/10.1007/s11130-022-00989-w. 

53. Rezig, K.; Benkaci-Ali, F.; Fauconnier, M.-L.; Laurent, S.; Umar, H.I.; Alex, O.D.; Tata, S. HPLC/ESI-MS characterization of phe-

nolic compounds from Cnicus benedictus L. roots: A study of antioxidant, antibacterial, anti-inflammatory, and anti-Alzheimer’s 

activity. Chem. Biodivers. 2024, 21, e202300724. https://doi.org/10.1002/cbdv.202300724. 

54. Avula, B.; Katragunta, K.; Wang, Y.-H.; Ali, Z.; Khan, I.A. Simultaneous determination and characterization of flavonoids, ses-

quiterpene lactone, and other phenolics from Cnicus benedictus and dietary supplements using UHPLC-PDA-MS and LC-DAD-

QToF. J. Pharm. Biomed. Anal. 2022, 216, 114806. https://doi.org/10.1016/j.jpba.2022.114806. 

55. Ghiasy-Oskoee, M.; AghaAlikhani, M.; Shetty, K.; Hatterman-Valenti, H. Effect of environment and genotype interactions on 

blessed thistle (Cnicus benedictus L.) agronomic, total phytochemical content, cnicin concentration, phenolic profile, and func-

tional biological activity. J. Soil Sci. Plant Nutr. 2025, 25, 4243–4259. https://doi.org/10.1007/s42729-025-02395-y. 

56. Kolarov, R.; Prvulović, D.; Gvozdenac, S. Antioxidant capacity of wild-growing orange mullein (Verbascum phlomoides L.). Agro-

knowledge J. 2021, 22, 127–135. https://doi.org/10.7251/AGREN2104127K. 

57. Zhang, N.; Baran, A.; Valioglu, F.; Teng, L.; Atalar, M.N.; Keskin, C.; Wang, X.-X.; Hatipoğlu, A.; Baran, M.F.; Abdelsalam, A.M.; 

et al. Antioxidant, AChE inhibitory, and anticancer effects of Verbascum thapsus extract. Cell. Mol. Biol. 2023, 69, 211–216. 

https://doi.org/10.14715/cmb/2023.69.14.35. 

58. Mihailović, V.; Kreft, S.; Tavčar Benković, E.; Ivanović, N.; Stanković, M.S. Chemical profile, antioxidant activity and stability 

in simulated gastrointestinal tract model system of three Verbascum species. Ind. Crops Prod. 2016, 89, 141–151. 

https://doi.org/10.1016/j.indcrop.2016.04.075. 

59. Paun, G.; Neagu, E.; Moroeanu, V.; Albu, C.; Savin, S.; Radu, G.L. Chemical and bioactivity evaluation of Eryngium planum and 

Cnicus benedictus polyphenolic-rich extracts. Biomed. Res. Int. 2019, 2019, 3692605. https.//doi.org/10.1155/2019/3692605. 

https://doi.org/10.3390/app16136786


Appl. Sci. 2026, 16, 6786 20 of 20 
 

https://doi.org/10.3390/app16136786 

60. Ziarno, M.; Kozłowska, M.; Ścibisz, I.; Kowalczyk, M.; Pawelec, S.; Stochmal, A.; Szleszyński, B. The Effect of Selected Herbal 

Extracts on Lactic Acid Bacteria Activity. Appl. Sci. 2021, 11, 3898. https://doi.org/10.3390/app11093898. 

61. Booyens, J.; Thantsha, M.S. Antibacterial effect of hydrosoluble extracts of garlic (Allium sativum) against Bifidobacterium spp. 

and Lactobacillus acidophilus. Afr. J. Microbiol. Res. 2013, 7, 669–677. 

62. Li, S.; Ma, C.; Gong, G.; Liu, Z.; Chang, C.; Xu, Z. The impact of onion juice on milk fermentation by Lactobacillus acidophilus. 

LWT Food Sci. Technol. 2016, 65, 543–548. https://doi.org/10.1016/j.lwt.2015.08.042. 

63. Rodríguez, H.; Curiel, J.A.; Landete, J.M.; de las Rivas, B.; de Felipe, F.L.; Gómez-Cordovés, C.; Mancheño, J.M.; Muñoz, R. Food 

phenolics and lactic acid bacteria. Int. J. Food Microbiol. 2009, 132, 79–90. https://doi.org/10.1016/j.ijfoodmicro.2009.03.025. 

64. Zaręba, D.; Ziarno, M. The viability of yogurt bacteria in selected plant beverages. Zesz. Probl. Postępów Nauk. Rol. 2017, 591, 87–

96. https://doi.org/10.22630/ZPPNR.2017.591.46. 

65. Ladokun, O.; Oni, S. Fermented Milk Products from Different Milk Types. Food Nutr. Sci. 2014, 5, 1228–1233. 

https://doi.org/10.4236/fns.2014.513133. 

66. Kowalska, E.; Ziarno, M. Characterization of Buckwheat Beverages Fermented with Lactic Acid Bacterial Cultures and 

Bifidobacteria. Foods 2020, 9, 1771. https://doi.org/10.3390/foods9121771. 

67. Zaręba, D.; Ziarno, M.; Obiedziński, M. Viability of yoghurt bacteria and probiotic strains in models of fermented and non-

fermented milk. Med. Weter. 2008, 64, 1007–1011. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 

https://doi.org/10.3390/app16136786

