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Abstract: The concept of our research is related to the use of stems from S. aromaticum L. in the 
fermentation process in order to obtain new cosmetic raw materials with high antioxidant potential 
that are safe for human fibroblasts (HDFs) and keratinocytes (HaCaTs). This evaluation involves 
treating cell lines with different concentrations of fermented extracts to establish a noncytotoxic dose 
range. The focus was on evaluating antioxidant activity (AA), total polyphenol content (TPC), and 
lactic acid efficiency (LAe). For this purpose, the most favourable technological parameters of the 
fermentation process of stems were determined, including the type of microorganisms, initial sugar 
content, plant raw material content, and fermentation time. In the present study, lactic acid was 
obtained with maximum efficiency by stem fermentation in the presence of lactic acid bacteria (LAB) 
and molasses as a source of six-carbon sugars. In addition, fermentation kinetics was investigated, 
the essence of which was to identify the technological parameters that allow the highest values of 
the main functions describing the process (AA, TPC LAe). Two kinetic models were used to deter-
mine the kinetics of process function changes during fermentation. The most favourable fermenta-
tion conditions for maximum antioxidant activity (26.88 mmol Tx/L ± 0.19), total polyphenol content 
(5.96 mmol GA/L ± 0.19), and lactic acid efficiency (88% ± 1) were: type of microorganism L. rham-
nosus MI-0272, initial sugar content 3.20%, plant raw material content 6.40%, and a fermentation 
time of 9 days. The values of chelating activity (ChA), AA, and TPC in the fermented stems increased 
more than two-fold compared to the non-fermented extracts. Reducing activity (RA) and LAe in-
creased to 46.22 mmol Fe3+/L ± 0.29 and 88% ± 1, respectively. Of the kinetic models adopted, follow-
up reaction equations and first-order equations best described the time-dependent changes taking 
place. This study shows that the process function values of AA and LAe are dependent on the LAB 
strain and the content of the plant material, and the rate of change of TPC may largely depend on 
the forms of phenolic compounds formed during fermentation. 

Keywords: fermentation kinetics of fermented process; kinetic modelling; stems from Syzygium  
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1. Introduction 
Advances in biological research have shown the extraordinary potential of plant ex-

tracts (PEs) as important cosmetic raw materials for use in cosmetic formulations. PEs are 
obtained by isolating the necessary bioactive components from the plant material using 
processes such as maceration, solvent extraction, supercritical fluid extraction, or Soxhlet 
extraction [1]. Fermented plant extracts (FPEs) have recently been exploited as new cos-
metic raw materials due to their antioxidant, anti-ageing, moisturising, and anti-allergenic 
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characteristics, as well as increased bioactivity, biocompatibility, and bioavailability [2–7]. 
Obtaining FPEs entails not only removing the necessary bioactive components from plant 
material but also degrading or transforming undesired substrata into acceptable products 
via the activity of suitable microbes. Microorganisms break down plant components in 
plant materials, enhancing their biological activity by turning high-molecular molecules 
into low-molecular structures. The structural breakdown of the cell walls of plant raw 
materials and the hydrolytic activity of microorganisms during the fermentation increases 
the concentration of anthocyanins, flavonoids, organic acids, proteins, ceramides, amino 
acids, or biological enzymes [8]. During fermentation, bacteria and fungi may produce 
antioxidants by enzymatically converting phenolic glycosides found in plant source ma-
terials into free polyphenols [6,7,9–11].  

Blueberry fruit fermentation in the presence of lactic acid bacteria (LAB) Lactobacillus 
plantarum and fermented, as well as black tea with kombucha, both indicate the existence 
of phenolic components in (fermented plant extracts) FPEs [12]. Polyphenols, including 
chlorogenic acid and caffeoyl derivatives, as well as flavonoids, may suggest the biological 
potential of yerba mate’s FPE for dermatological uses [13]. Polyphenolic compounds (a 
class of plant-derived chemicals having a phenolic structure) have piqued the interest of 
the beauty industry due to the multiple health advantages associated with their antioxi-
dant and anti-inflammatory properties [2,14]. Polyphenols scavenge free radicals, neutral-
ising their detrimental effects and decreasing oxidative stress in the body while also low-
ering risk factors for chronic illnesses such as cardiovascular disease and some malignan-
cies [1,15]. In the presence of Pediococcus acidilactici (KCCM 11614), the fermented plant 
extract from Magnolia denudata flowers showed more anticancer activity against human 
gastric adenocarcinoma (AGS) and human colon cancer LoVo cells than the unfermented 
plant extract [16]. Plant extracts produced through the fermentation of Rhus verniciflua 
bark shown anticancer efficacy against the colon cancer cell line HCT-116, as well as the 
potential to trigger apoptosis and block the hedgehog pathway [17]. Ophiopogon japonicas 
extract fermented with the fungus Cordyceps militaris (first fermentation for 10 days) and 
then fermented with a mixture of bacterial strains Lactobacillus plantarum, Enterococcus fae-
cium, and Bifidobacterium longum (second fermentation for 2 days) can prevent cardiovas-
cular diseases associated with vascular smooth muscle cell proliferation and migration 
[2,16,18]. Furthermore, the fermented plant extract produced from ginseng in the presence 
of Aspergillus usamii KCTC 6954 demonstrated stronger anticancer activity against hu-
man hepatoma cells (HepG2s) and the human colon cancer cell line (DLD-1) than the un-
fermented ginseng extract. Ginseng extract was treated with β-glucosidase from Asper-
gillus usamii KCTC 6954 due to the fact that this enzyme is capable of converting major 
ginsenosides into minor ginsenosides. The fermentation process increased the concentra-
tion of smaller ginsenosides, enhancing the anticancer effect of the fermented ginseng 
plant extract compared to the non-fermented extract [14,19].  

Lactic acid is a metabolite generated by lactic acid bacteria in the presence of carbo-
hydrates, especially six-carbon sugars such as glucose or sucrose [20]. The most desired 
in commercial production are the enantiomers L(+) of lactic acid, which is primarily gen-
erated by homofermentative lactic fermentation bacteria of the Lactobacillus genus [21]. 
Lactic acid has traditionally been employed in the preparation of meat, fruit, and vegeta-
bles due to its powerful preservation effect; however, lately, it has gained popularity in 
the cosmetic business [22]. Its distinctive action is to acidify the environment since a low 
pH prevents the growth of unwanted microflora in food and cosmetic items [23]. 

Syzygium aromaticum L. belongs to the Myrtaceae family, which includes more than 
3000 species and about 150 genera, such as the myrtle, eucalyptus, clove, and guava fam-
ilies. A review of the literature showed the high biological activity of essential oils and 
extracts obtained from most Myrtaceae species [24–36]. The oils and extracts from Acca 
sellowiana, Blepharocalyx salicifolius, Calyptranthes lucida, C. pallens, Eugenia acapulcensis, E. 
bacopari, E. beaurepaireana, E. brasiliensis, E. chlorophylla, E. pluriflora, E. umbelliflora, E. stipi-
tata ssp. sororia, E. uruguayensis, and E. uniflora were found to have antibacterial properties. 
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This was because they contained phenolics (eugenol and eugenol acetate) and terpenes 
(β-caryophyllene and α-humulene). Antioxidant (Campomanesia xanthocarpa, E. involu-
crata, E. uniflora, P. cattleyanum), antinociceptive (P. guajava, P. pohlianum, E. uniflora), anti-
inflammatory (E. jambolana, Psidium cattleyanum), and analgesic (P. guianense) properties 
were also shown by some Myrtaceae species. Extracts obtained from plants of the Myrtaceae 
family (myrtle, eucalyptus, and clove) effectively inhibit the growth of Gram-negative and 
Gram-positive bacteria (S. marcescens, P. aeruginosa, Streptococcus sanguinis, Streptococcus 
mitis, Fusobacterium nucleatum, Escherichia coli, Staphylococcus aureus, S. marcescens, P. aeru-
ginosa, Corynebacterium bovis, Corynebacterium striatum, and Corynebacterium jeikeium), 
which cause skin infections, tooth decay, and food spoilage. These results demonstrate 
the enormous potential of the Myrtaceae family [24–36]. 

The buds of the clove tree yield two principal products: cloves (S. aromaticum L.)—
rich in essential oil—and eugenol (4-allyl-2-methoxyphenol), the main ingredient of clove 
oil. Currently, cloves are used in both the spice industry and the traditional Indonesian 
cigarette market, the kretek. The essential oil extract is utilised for plasticising, anaesthetic, 
antibacterial, and organoleptic qualities, which are used in cosmetics, dentistry, and the 
agro-food industries [34,37–39]. Because of its qualities, the oil has a wide range of uses, 
particularly in the pharmaceutical business (as a component in warming and analgesic 
ointments) and dentistry (as an ingredient in analgesic preparations, dental cavity fillings, 
mouth and gum rinses, and toothpaste) [34,37,40]. High antimicrobial and antioxidant ac-
tivity classify eugenol as an absorption promoter [37,38]. Eugenol also has a positive effect 
on the complexion of people with acne and psoriasis, which is why it is recommended in 
cosmetic formulas designed for acne skin care, as it reduces the appearance of lesions and 
accelerates the healing of existing ones [37,38,41–44].  

The presented research is related to the development of the most favourable process 
conditions for the fermentation of stems from S. aromaticum L. using lactic acid bacteria 
(LAB) and beet molasses (which is a valuable source of six-carbon sugars) to obtain fer-
mented plant extracts (FPEs). Molasses, which is a by-product obtained in the production 
of sucrose from sugar beet, is a relatively cheap, readily available raw material and can be 
used to produce lactic acid by fermentation (eliminating the need for sugar). The evalua-
tion of the influence of the type of microorganisms, initial sugar content, plant raw mate-
rial content, and fermentation time aims to maximise the efficiency of the process towards 
the highest values of antioxidant activity (AA) of the fermented plant extracts, total poly-
phenol content (TPC), and lactic acid yield (LAe). A comparative analysis of the activities 
obtained between fermented and non-fermented extracts is also important. Moreover, the 
course of fermentation has been described in the form of kinetic models (by means of the 
corresponding follow-up reaction equations and first-order reactions) in order to obtain 
the cosmetic raw material included in topical preparations. Furthermore, in vitro tests 
conducted on human keratinocytes (HaCaTs) and fibroblasts (HDFs) enabled the bioac-
tivity of extracts from S. aromaticum L. to be assessed, focusing on cell viability and estab-
lishing a non-cytotoxic dose range. 

2. Materials and Methods 
2.1. Materials 

The ground stems of Syzygium aromaticum L. (average grain size less than 250 µm) 
were commercial samples, which were purchased from the Aromatika Adam Iwańczuk 
herbal shop (Hajnówka, Poland). The raw material had an average granularity of less than 
250 µm. The beet molasses came from “Cukrownia Kluczewo” Stargard (Poland). DPPH 
(2,2-diphenyl-1-picrylhydrazyl) and Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2car-
boxylic acid, Tx) were obtained from Sigma Aldrich. Merck, Darmstadt (Germany) pro-
vided the Folin–Ciocalteu phenol reagent, iron II sulphate heptahydrate, iron II sulphate 
VI, ferrozine, iron III chloride, and gallic acid. OXOID (M.R.S. BROTH, Rogosa, Sharpe) 
supplied a lactic acid bacteria medium (CM0359, a non-selective medium for the abundant 
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growth of lactic acid bacteria). Probiotics (Novara, Italy) provided the lactic acid bacteria 
strains Lactobacillus salivarius LY_0652, Lactobacillus reuteri MI_0168, Lactobacillus acidophi-
lus MI-0078, Lactobacillus brevis LY_1120, Lactobacillus plantarum MI-0102, and Lactobacillus 
rhamnosus MI-0272. Lipase AY30 was obtained from Thermo Scientific (Białystok, Poland). 
Chempur (Piekary Śląskie, Poland) provided octane, methanol, and ethanol (96%).  

2.2. Preparations of Fermented Stems Extract (FSE) 
Fermenting S. aromaticum L. stems in the presence of lactic acid bacteria yielded new 

fermented plant extracts (FSEs). The raw material for lactic acid production was beet mo-
lasses, a by-product of the sugar industry. The total content of 6-carbon sugars (Brix) in 
the molasses was evaluated using a refractometer (KRUSS Optronic DR301-95, A. Kruss 
Optronic GmbH, Hamburg, Germany). The process uses beet molasses, eliminating the 
need for mineral salts such as (NH4)2SO4, CaCl2, and KH2PO4, which was necessary in the 
case of fermentations using sugar cane molasses [3,45]. Preliminary tests have confirmed 
the activity of molasses in the fermentation process. For this objective, molasses aqueous 
solutions were fermented with 3.20% inoculum (content determined based on previous 
experiments) but without mineral salts. The inoculum was a mixture of six strains of lactic 
acid bacteria: L. reuteri MI_0168, L. salivarius LY_0652, L. brevis LY_1120, L. acidophilus MI-
0078, L. rhamnosus MI-0272, and L. plantarum MI-0102 [3]. Preliminary studies have shown 
that beet molasses contains sufficient nitrogen and phosphorus, necessary for the produc-
tion of lactic acid [46]. This nitrogen is mainly represented by amino acids such as glutamic 
acid, aspartic acid, and alanine, and also by ammonium salts [47,48]. Adequate growth of 
lactic acid was observed in all molasses solutions to a similar extent to fermentations car-
ried out in the presence of certified cane molasses requiring the additional use of mineral 
salts such as ammonium sulphate (0.64%), calcium chloride, and potassium dihydrogen 
phosphate (0.32%) [3].  

Next, the stems were fermented with lactic acid bacteria. The fermentation was car-
ried out until the maximum level of lactic acid (LA) was attained, the concentration of 
which was monitored using the GC-MS technique. The amount of total polyphenol con-
tent (TPC) was also measured during fermentation. Polyphenolic glucosides found in 
stems were transformed into more bioactive compounds (anthocyanin glucosides to agly-
cone forms and free phenolic acids), resulting in greater phenolic content in fermented 
plant extracts. In addition, the simpler structure of the derived metabolites contributes to 
the higher antioxidant activity of FSEs, with an increase in the ability to reduce DPPH 
radicals, relative to non-fermented extracts [49]. In addition to the plant matrix, the kind 
of LAB strain utilised influences the bioavailability of phenolic chemicals. Therefore, the 
fermentation of stems was carried out using six distinct LAB strains: L. reuteri MI_0168, L. 
salivarius LY_0652, L. brevis LY_1120, L. acidophilus MI-0078, L. rhamnosus MI-0272, and L. 
plantarum MI-0102. 

The inoculum was prepared according to a previously developed methodology [3]. 
The following raw materials were placed in a 500 mL conical flask: beet molasses (the 
amount of which was controlled depending on the process parameter under study, while 
maintaining an initial sugar content of 1.60–4.60%), distilled water, plant material consti-
tuting stems (the amount of which was controlled depending on the process parameter 
under study, while maintaining content of 0.032–12.80%), and inoculum (3.20%). The con-
tents of the flask were stirred until the molasses was entirely dissolved, after which the 
fermentation process began (at a temperature of 37.5 °C) for the proper duration. During 
the fermentation process, samples were collected and tested for lactic acid concentration 
(GC-MS) and also performed determinations for levels of phenolic compounds (spectro-
photometric method utilising the Folin–Ciocalteu technique). Fermentation was carried 
out until the highest lactic acid yield (LAe) was obtained. 

Fermentations were completed by performing two independent experiments. After 
the process was completed, lipase was added to hydrolyse the bacterial cell wall. The pres-
ence of lipase in the fermentation medium inhibits the further growth of LAB, thus 
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inhibiting the fermentation process and inactivating bacterial growth, which is typical 
when conducting fermentation in the presence of microorganisms [3]. The obtained fer-
mented plant extract was subjected to 3-stage filtration: 1. initially, the FSE underwent 
filtration using a glass funnel (to separate the plant material from the fermented plant 
extract); 2. subsequently, the FSE underwent centrifugation using a centrifuge (5 min, 166 
Hz, 10,000 g) in order to separate the LAB cells present in the FSE; 3. ultimately, the FSE 
that had undergone extra filtration and centrifugation was further filtered using sterile 
syringe filters with a pore size of 0.45 µm (intended for sterilising filtration of aqueous 
solutions) in order to completely eliminate microorganisms from the fermented plant ex-
tract. This method eliminated bacteria from the fermented plant extract [3]. The quantity 
of extract collected and filtered was about 110–120 mL. The FSE were maintained frozen 
at −15 °C. 

2.3. Determination of Antioxidant Activity: DPPH Assay 
The DPPH free radical reduction method was used to assess the antioxidant capabil-

ity of the FSEs obtained [37]. The investigations were performed using Thermo Scientific 
GENESYS 50 apparatus at λ = 517 nm. Trolox (Tx) was used as a reference compound.  

The antioxidant activity of the FSEs was measured as follows: 2850 µL ethanolic so-
lution of the DPPH radical (a concentration of 0.3 mmol/L) of absorbance about 1.000 ± 
0.020 (at λ = 517 nm) was placed in a tube and 150 µL of appropriate extract was added. 
Blank samples without FSE were prepared in the same way, using distilled water in an 
amount of 150 µL. The tubes were wrapped in aluminium foil, sealed with a stopper, and 
incubated for 10 min at room temperature. Three independent tests were conducted. The 
antioxidant activity was expressed as mmol Tx/L FSE, based on the calibration curve y = 
−1.0321x + 1.1342, R2 = 0.997. 

2.4. Determination of Total Polyphenols Content: Folin–Ciocalteu Method 
The Folin–Ciocalteu technique (VWR, Suwanee, GA, USA) was used to assess the 

total polyphenol content of FSEs [37]. The investigations were performed using the 
Thermo Scientific GENESYS 50 apparatus (Thermo Fisher Scientific, Norristown, PA, 
USA) at λ = 750 nm. Gallic acid (GA) was used as a reference compound. TPC was ex-
pressed as mmol GA/L of FSE using the calibration curve for gallic acid (y = 0.0075x, R2 = 
0.997). 

The total polyphenol content of the FSEs was measured in the following way: In 10 
mL flasks, 2000 µL of Folin–Ciocalteu reagent, 100 µL of suitable extract, and 1000 µL of 
saturated aqueous Na2CO3 were added. The flasks were filled to the mark with distilled 
water, closed tightly with a stopper, and incubated at ambient temperature for 15 min. 
The absorbance of the test solutions was measured at a wavelength of λ = 750 nm. Blank 
samples without the presence of FSE were prepared in the same way, using distilled water 
in an amount of 100 µL. Three independent tests were conducted. 

The total polyphenol content was calculated using the following Formula (1): 𝑇𝑃𝐶 = ሾሺ𝐶ி஺௧.௦. − 𝐶ி஺௕.௦.ሻ ∙  𝑉௦ ሿ𝑉ிௌா ∙ 100% (1)

where: 
TPC—total polyphenol content by F-C method [mmol/L], 
CFAt.s.—concentration of phenolic acids in the tested sample [mmol/L], 
CFAb.s.—concentration of phenolic acids in the blank sample [mmol/L], 
Vs—total volume of solution introduced into volumetric flasks [L], 
VFSE—volume of FSE introduced into volumetric flasks [L]. 

2.5. Determination of Lactic Acid by GC-MS 
The GC-MS analysis was performed using a Shimadzu GCMS-QP2020 NX (Shi-

madzu, San Jose, CA, USA) with a Shimadzu SH-I-5MS column (30 m × 0.25 mm × 0.25 
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µm). The column temperature was maintained at 40 °C for 2 min before being pro-
grammed to 280 °C at a rate of 15 °C per minute. Helium’s flow rate as a carrier gas is 35 
cm/s (1 µL/min). MS were taken at 70 eV with split 10. The analysis duration was 17 min, 
and the sample volume was 1 µL. Lactic acid generated during the fermentation process 
was identified by comparing mass spectra from the spectra library (NIST2020, 
Gaithersburg, MD, USA) to the LA benchmark employed [3]. The concentration of lactic 
acid in FSEs was calculated using the internal standard method (octane) and the obtained 
calibration curve: CLA= (1.518 × SLA + 1568)/SO, R2 = 0.9971, where: A—slope, B—intercept, 
CLA—lactic acid concentration [%], SLA and SO—lactic acid and octane peak area. All sam-
ples were tested three times. The results are shown as the mean ± SD. 

2.6. Fermentation of Stems in the Presence of Lactic Acid Bacteria 
A study of the influence of technological parameters on the fermentation process of 

stems was conducted (Table 1). The influence of the following process parameters was 
studied: type of microorganism, initial sugar content, plant raw material content, and fer-
mentation time (Table 1). The most favourable technological parameters were selected 
based on the values of the main functions describing the process, such as antioxidant ac-
tivity (AA), total polyphenol content (TPC), and lactic acid efficiency (LAe). 

Table 1. Technological parameters affecting the fermentation process of stems and the ranges of 
their changes. 

Parameters of the Fermentation 
Process 

 
Unit Ranges of Change 

Type of microorganism - 

L. reuteri MI_0168 
L. salivarius LY_0652 

L. brevis LY_1120 
L. acidophilus MI-0078 
L. rhamnosus MI-0272 
L. plantarum MI-0102 

Initial sugar content % 1.60–4.60 
Plant raw material content % 0.032–12.80 

Fermentation time days 1–10 

2.7. Kinetic Modelling 
To understand the kinetics of changes in lactic acid yield (Lae) in this study, a math-

ematical model was adopted that follows the kinetics of the subsequent reaction. The use 
of this model has been widely adopted to describe bio-processes, especially processes de-
scribing the formation of lactic acid [14,50].  

In the first stage of conducting stem fermentation in the presence of LAB and molas-
ses (which is a source of 6-carbon sugars), the sugars are bio-transformed to lactic acid, 
after which the LA formed is then bio-transformed to the corresponding metabolites. In a 
simplified way, the course of lactic acid formation and disappearance is described in 
Equation (2) below: 𝑆𝑢𝑔 ௞భ→ 𝐿𝐴 ௞మ→ 𝑀𝑒𝑡 (2)

where: 
Sug—sugar,  
LA—lactic acid,  
Met—metabolite. 
The following Equation (3) describes changes in lactic acid efficiency (YLA) during the 

fermentation process (3): 
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𝑌௅஺ = 100% ∙ 𝑘ଵ𝑘ଶ − 𝑘ଵ ∙ ൫𝑒𝑥𝑝ሺ−𝑘ଵ ∙ 𝑡ሻ − 𝑒𝑥𝑝ሺ−𝑘ଶ ∙ 𝑡ሻ൯ (3)

where: 
k1—lactic acid (LA) formation rate constant,  
k2—lactic acid (LA) disappearance rate constant [day−1], 
t—fermentation time [day]. 
The lactic acid efficiency variation (YLA) function reaches its maximum (tmax) at the 

point defined in Equation (4): 

𝑡௠௔௫ = 𝑙𝑛 𝑘ଶ𝑘ଵ𝑘ଶ − 𝑘ଵ (4)

where: 
k1—lactic acid (LA) formation rate constant,  
k2—lactic acid (LA) disappearance rate constant [day−1], 
t—fermentation time [day]. 
The time (tmax) at which the lactic acid yield function reaches its maximum value was 

determined by calculating the reaction rate constants (k1 and k2), which were determined 
through nonlinear estimation using the computer programme STATISTICA 13.3. 

In this study, we adopted a mathematical model for the kinetics of changes in anti-
oxidant activity (AA) and total polyphenol content (TPC). This model mimics the kinetics 
of a first-order reversible reaction (5), for which the integral equation (Yi) takes the form 
shown in Equation (6). 𝑅𝑆 ௞↔ 𝑅 + 𝑆 (5)𝑌௜ = 𝑌௜௘ ∙ ൫1 − 𝑒𝑥𝑝ሺ−𝑘௜ ∙ 𝑡ሻ൯ (6)

where: 
Y—the corresponding parameter (AA or TPC),  
k—reaction rate constant for an increase in the relevant parameter (AA or TPC),  
The subscript e indicates the final (equilibrium) value. 
The use of this model (based on mass exchange) has been widely adopted to describe 

the evaluation of the antioxidant activity of antioxidants [51,52].  
Earnings (Xi) were defined as (7): 𝑋௜ = ሺ𝑌௜ − 𝑌௜଴ሻ ∙ 𝑉𝑚  (7)

where:  
m—mass of plant raw material [g],  
V—volume of FSE [L],  
Yi0—parameter values for time 0. 

We assumed that the value Xi=Xi0 corresponds to a raw material content of 0.032%. 
We determined the contents of the components responsible for AA or TPC in the obtained 
FSEs after the fermentation process. 𝑋௜ = 𝑋௜଴ − ሺ𝑌௜ − 𝑌௜଴ሻ ∙ 𝑉𝑚  (8)

The shape of the curves corresponds to the Langmuir adsorption equilibrium model 
(8): 𝑋 = 𝑋଴ 𝑏 ∙ 𝑌1 + 𝑏 ∙ 𝑌 (9)
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2.8. Cytotoxicity Analysis 
2.8.1. Cell Culture 

Cytotoxicity tests of FSE and SE from S. aromaticum L. were carried out on human 
fibroblasts (HDFs) and keratinocytes (HaCaTs) acquired from CLS Cell Lines Service (Ep-
pelheim, Germany). Cells were cultivated in culture flasks in an incubator at 37 °C in a 
humidified environment containing 95% air and 5% carbon dioxide. Skin cells were cul-
tured in Dulbecco’s Modified Essential Medium (DMEM medium; Biological Industries, 
Kibbutz Beit-Haemek, Israel) with the addition of the amino acid L-glutamine, 10% (v/v) 
Foetal Bovine Serum (FBS, Merck KGaA, Darmstadt, Germany), and 1% (v/v) antibiotic 
(100 U/mL penicillin and 1000 µg/mL streptomycin, Merck KGaA, Darmstadt, Germany). 
Cytotoxicity tests were conducted on cells grown in 96-well plates with a density of 1 × 
104 cells/well [53]. 

2.8.2. Alamar Blue (AB) Assay 
The cytotoxicity of FSE and SE from S. aromaticum L. was determined using the ca-

pacity of keratinocytes and fibroblasts to decrease resazurin following exposure to the 
investigated samples. We used the methods previously published by Page et al. [41] with 
slight adjustments. Briefly, the cells were treated with FSE dissolved in DMEM culture 
media at doses of 0.1, 1.0, 2.5, 5.0, and 10.0% for 24 h. After aspiration, each well received 
a 60 µM resazurin solution (Merck KGaA, Darmstadt, Germany) and was incubated for 
two hours. Control cells were fibroblasts and keratinocytes that had not been exposed to 
FSE and were grown in DMEM. After 2 h, fluorescence was measured in individual wells 
at λ = 570 nm using a Filter Max UV–VIS spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA, USA). As part of the analysis, three separate experiments were conducted, 
with each concentration of the analysed samples examined in triplicate.  

2.8.3. Neutral Red (NR) Uptake Assay 
Cytotoxicity studies were also carried out using a test that measured the absorption 

of neutral red dye through the lysosomes of keratinocytes and fibroblasts exposed to dif-
ferent doses of the tested FSE and SE. We conducted the study using the previously re-
ported approach by Zagórska-Dziok et al. [54]. Briefly, cells were seeded in 96-well plates 
and incubated for 24 h with test samples dissolved in DMEM medium at concentrations 
of 0.1, 1.0, 2.5, 5.0, and 10.0%. After aspirating the materials, each well received 40 µg/mL 
of neutral red dye (Merck KGaA, Darmstadt, Germany) and was incubated for 2 h. The 
dye was then aspirated, and the cells were rinsed with sterile PBS. Next, we added 150 µL 
of destaining buffer (C2H5OH/CH3COOH/H2O, 50%/1%/49%) to each well and mixed for 
5 min using an orbital shaker. After that, the absorbance at λ = 570 nm was measured using 
a Filter Max UV–VIS spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). 
As part of the study, three separate experiments were carried out on each sample and 
evaluated in triplicate. 

2.9. Reducing the Activity of Fe3+ to Fe2+ 
First, we prepared a calibration curve for Fe2+ ions using aqueous solutions of VI iron 

II sulphate (FeSO4). For this purpose, the following were introduced into 100 mL volumet-
ric flasks: appropriate amounts of FeSO4 (so that the resulting concentrations of Fe2+ ions 
range from 0.5 to 5 mg/L) and 1 mg of ascorbic acid in order to reduce any Fe3+ ions in the 
sample present in the test sample. We fill the flasks to the mark with distilled water, close 
them snugly with a stopper, and agitate them to produce uniform solutions. 

In the following step of the test, 1000 µL of the aqueous FeSO4 solution with ascorbic 
acid and 1000 µL of the aqueous ferrozine solution (with a concentration of 1 g/L) were 
added into glass test tubes. The tubes were closed tightly with a stopper and incubated at 
room temperature for 10 min, and then the absorbance of the test solutions was measured 
using a spectrophotometer at a wavelength of λ = 562 nm. Spectrophotometric analyses 
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were carried out in triplicate using a Thermo Scientific GENESYS 50 instrument, obtaining 
a calibration curve for Fe2+ ions (y = 0.4888x + 0.0064; R2 = 0.999). 

The capacity to reduce iron III ions to iron II using the ferrozine technique was as-
sessed as follows: 1000 µL of aqueous FeCl3 solution (0.5 g/L Fe3+ concentration), 1 µL of 
FSE, and 1000 µL of aqueous ferrozine solution (1 g/L concentration) were put into glass 
tubes. The tubes are closed tightly with a stopper and incubated at room temperature for 
10 min, and then the absorbance of the test solutions (λ = 562 nm) is measured using a 
spectrophotometer. The instrument was zeroed by adding 1000 µL of aqueous FeCl3 so-
lution, 1 µL of distilled water, and 1000 µL of aqueous ferrozine solution as a reference. 

We estimated the reduction activity (RA) of Fe3+ to Fe2+ using the following formula 
shown in Equation (2) [3]: 𝑅𝐴 = ሾሺ𝐶ி௘ଶା௕.௦. − 𝐶ி௘ଶା௧.௦.ሻ ∙  𝑉௦ ሿ𝑉ிௌா ∙ 100% (10)

where: 
RA—reduction activity of Fe3+ [mg/L], 
CFe2+b.s.—concentration of Fe2+ ions in the blank sample [mg/L], 
C Fe2+t.s.—concentration of Fe2+ ions in the tested sample [mg/L], 
Vs—total volume of solution introduced into volumetric flasks [L], 
VFSE—volume of FSE introduced into volumetric flasks [L]. 

2.10. Chelating Activity of the Fe2+ Ion 
The chelating capacity of Fe2+ was tested using the ferrozine method [55]. Metal ion 

chelation has a crucial role in the inhibition of reactive oxygen species production [56]. A 
calibration curve was prepared by utilising aqueous solutions of FeSO4 to measure Fe2+ 
ions. First, an initial FeSO4 solution with a Fe2+ content of 0.53 mmol/L was prepared. Next, 
a ferrozine initial solution (concentration of 3.2 mmol/L). Then, 1000 µL of the initial FeSO4 
solution (final Fe concentrations of 3, 1.2, 0.6, and 0.3 mg/L) and 1000 µL of ferrozine were 
introduced into 10, 25, 50, and 100 mL volumetric flasks. The flasks were filled with dis-
tilled water, sealed firmly with a stopper, and left at room temperature for 10 min. The 
absorbance of the test solutions was measured using the Thermo Scientific GENESYS 50 
equipment at the wavelength λ = 562 nm, resulting in a calibration curve for Fe2+ ions (y = 
0.4888x + 0.0064, R2 = 0.999). 

In the following step, 1000 µL of the initial FeSO4 solution, 100 µL of FSE, and 1000 
µL of ferrozine were added to 10 mL volumetric flasks. The flasks were filled with distilled 
water, sealed tightly with a stopper, and allowed to incubate at room temperature for 10 
min. The absorbance of the solutions was measured using a spectrophotometer at a wave-
length of λ = 562nm. Three independent tests were conducted. 

The chelating activity (ChA) of Fe2+ ions was calculated using the following formula 
shown in Equation (3): 𝐶ℎ𝐴 = ሾሺ𝐶ி௘ଶା௕.௦. − 𝐶ி௘ଶା௧.௦.ሻ ∙  𝑉௦ ሿ𝑉ிௌா ∙ 100% (11)

where: 
ChA—chelating activity of Fe2+ [mg/L], 
CFe2+b.s.—concentration of Fe2+ ions in the blank sample [mg/L], 
C Fe2+t.s.—concentration of Fe2+ ions in the tested sample [mg/L], 
Vs—total volume of solution introduced into volumetric flasks [L], 
VFSE—volume of FSE introduced into volumetric flasks [L]. 
We used the same methods to evaluate the stems extract for comparison. The extrac-

tion of stems was carried out using the ultrasonic method. For this purpose, 20.0 g of 
ground plant material (in the amount of 6.40%) was introduced into 300 mL of distilled 
water, and extraction was carried out using an ultrasonic bath at 40 kHz (for 20 min at 40 
°C), after which the extract obtained was filtered using a pressure funnel through a What-
man paper filter (EEA03). 
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2.11. GC-MS Analysis of FSE 
The Gas Chromatography–Mass Spectrometry (GC-MS) analysis was performed us-

ing a Shimadzu GC-MS-QP2020 NX with a Shimadzu SH-I-5MS column (30 m × 0.25 mm 
× 0.25 µm). The column temperature was kept at 40 °C for 2 min, programmed to 300 °C 
at a rate of 10 °C /min, and kept constant at 300 °C for 2 min. The flow rate of helium as a 
carrier gas was 1 mL/min. MS were taken at 70 eV. The analysis duration was 28 min, and 
the sample volume was 1 µL. Identification of the major constituents of the FSE was made 
by comparison of their mass spectra located in the spectra library (NIST-2020). 

3. Results 
3.1. Studies of the Influence of Technological Parameters on Fermentation Stems and Kinetic 
Modelling 
3.1.1. Studies on the Effect of Lactic Acid Bacteria Strains 

Studies on the effect of lactic acid bacteria strains on changes in antioxidant activity 
(AA), total polyphenol content (TPC), and lactic acid efficiency (LAe) are presented in Ta-
ble 2. 

Table 2. Studies on the effect of the type of microorganism (L. reuteri MI_0168, L. salivarius LY_0652, 
L. brevis LY_1120, L. acidophilus MI-0078, L. rhamnosus MI-0272, and L. plantarum MI-0102) on changes 
in antioxidant activity (AA), total polyphenol content (TPC), and lactic acid efficiency (LAe). 

Fermented Stems Ex-
tract/Type of Microor-

ganism 

Fermentation Time AA TPC LAe 

Days mmol Tx/L mmol GA/L % 

FSE-1 
L. reuteri MI_0168 

1 4.12 ± 0.11 1.91 ± 0.09 40 ± 1 
5 4.20 ± 0.17 2.53 ± 0.16 53 ± 1 
9 4.23 ± 0.19 2.83 ± 0.20 79 ± 1 

10 4.23 ± 0.18 2.83 ± 0.13 80 ± 1 

FSE-2 
L. salivarius LY_0652 

1 4.10 ± 0.19 1.90 ± 0.12 42 ± 1 
5 4.18 ± 0.11 2.52 ± 0.19 52 ± 1 
9 4.21 ± 0.09 2.81 ± 0.13 63 ± 1 

10 4.21 ± 0.21 2.81 ± 0.11 58 ± 1 

FSE-3 
L. brevis LY_1120 

1 3.99 ± 0.09 1.89 ± 0.09 41 ± 1 
5 4.00 ± 0.07 2.44 ± 0.03 56 ± 1 
9 4.19 ± 0.11 2.65 ± 0.01 69 ± 1 

10 4.19 ± 0.19 2.65 ± 0.06 69 ± 1 

FSE-4 
L. acidophilus MI-0078 

1 4.11 ± 0.19 1.89 ± 0.11 41 ± 1 
5 4.13 ± 0.14 2.44 ± 0.12 58 ± 1 
9 4.22 ± 0.19 2.65 ± 0.11 70 ± 1 

10 4.22 ± 0.16 2.65 ± 0.11 77 ± 1 

FSE-5 
L. rhamnosus MI-0272 

1 4.11 ± 0.10 1.92 ± 0.09 50 ± 1 
5 4.19 ± 0.11 2.52 ± 0.21 85 ± 1 
9 4.23 ± 0.11 2.82 ± 0.13 89 ± 1 

10 4.23 ± 0.13 2.82 ± 0.15 87 ± 1 

FSE-6 
L. plantarum MI-0102 

1 3.99 ± 0.22 1.91 ± 0.13 47 ± 1 
5 4.12 ± 0.19 2.51 ± 0.13 69 ± 1 
9 4.20 ± 0.17 2.81 ± 0.20 85 ± 1 

10 4.20 ± 0.17 2.81 ± 0.21 85 ± 1 
Mean ± SD (n = 3), process parameters: initial sugar content 3.20%; inoculum content 3.20%, plant 
material content 1.60%, fermentation time 10 days. 
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Based on the results obtained using GC-MS (Figure S1), it was found that the highest 
lactic acid yield was obtained after 9 days of fermentation in the presence of L. salivarius 
LY_0652 (FSE-2, LAe = 63% ± 1), L. brevis LY_1120 (FSE-3, LAe = 69% ± 1), L. rhamnosus MI-
0272 (FSE-5, LAe = 89% ± 1), and L. plantarum MI-0102 (FSE-6, LAe = 85% ± 1). In the pres-
ence of L. reuteri MI_0168 and L. acidophilus MI-0078 strains, the highest LA yields of 80% 
± 1 (for FSE-1) and 77% ± 1 (for FSE-4) were obtained after 10 days of running the process. 
For further studies on the effect of initial sugar content on the course of stem fermentation, 
strain L. rhamnosus MI-0272 and a fermentation time of 9 days were selected due to the 
highest yield of lactic acid formed during the process (89% ± 1). These conditions also 
yielded the highest value of antioxidant activity (AA = 4.23 mmol Tx/L ± 0.13) and the 
highest content of phenolic compounds (TPC = 2.82 mmol GA/L ± 0.18) (Table 2). 

Figure 1 shows the course of changes in lactic acid yield during fermentation of clove 
tree stems in the presence of LAB, while Table S1 shows the kinetic values of lactic acid 
yield and time for the maximum of the function. 

 
Figure 1. Comparison of kinetic curves of changes in lactic acid yield during stem fermentation in 
the presence of LAB: FSE-1 (L. reuteri MI_0168); FSE-2 (L. salivarius LY_0652); FSE-3 (L. brevis 
LY_1120); FSE-4 (L. acidophilus MI-0078); FSE-5 (L. rhamnosus MI-0272); FSE-6 (L. plantarum MI-
0102)—different lines correspond to values determined using Equation (3). Process parameters: in-
itial sugar content of 3.20%; inoculum content of 3.20%; plant material content of 1.60%. 

Stem fermentation in the presence of L. rhamnosus MI-0272 (FSE-5) resulted in the 
highest rate of LA growth and the lowest rate of lactic acid disappearance, according to 
the determined reaction rate constants k1 and k2 (Table S1) and the kinetic curves showing 
the changes in lactic acid yield during fermentation (Figure 1). 

Table S2 shows the reaction rate constants and time for the maximum of the lactic 
acid yield change function during stem fermentation in the presence of LAB. Figures 2 
and 3 show the course of fitting the tested AA and TPC functions to the experimental 
points during the fermentation of clove tree stems in different LAB strains. 
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Figure 2. Course of fitting the tested AA function to experimental points during stem fermentation 
in the presence of LAB: FSE-1 (L. reuteri MI_0168); FSE-2 (L. salivarius LY_0652); FSE-3 (L. brevis 
LY_1120); FSE-4 (L. acidophilus MI-0078); FSE-5 (L. rhamnosus MI-0272); FSE-6 (L. plantarum MI-
0102).MI-0102). 

 
Figure 3. The course of fitting the tested TPC function to experimental points during stem fermen-
tation in the presence of LAB: FSE-1 (L. reuteri MI_0168); FSE-2 (L. salivarius LY_0652); FSE-3 (L. brevis 
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LY_1120); FSE-4 (L. acidophilus MI-0078); FSE-5 (L. rhamnosus MI-0272); and FSE-6 (L. plantarum MI-
0102). 

For all lactic acid bacterial strains tested, the final value of antioxidant activity (AA) 
is 4.2 mmol Tx/L, while the value of total polyphenol content (TPC) is 2.8 mmol GA/L. 
Meanwhile, the reaction rate constants k1 and k2 for the studied process in the direction of 
AA and TPC functions take the values of 3.7 and 1.2 day−1, respectively (Figures 2 and 3, 
Equation (8)).  

3.1.2. Studies on the Effect of the Initial Amount of Sugars 
Studies on the effect of the initial amount of sugars on changes in antioxidant activity 

(AA), total polyphenol content (TPC), and lactic acid efficiency (LAe) are presented in Ta-
ble 3. 

Table 3. Studies on the effect of the initial amount of sugars on changes in antioxidant activity (AA), 
total polyphenol content (TPC), and lactic acid efficiency (LAe). 

Fermented Stems Ex-
tract/Initial Sugars Con-

tent 

Fermentation Time AA TPC LAe 

Days mmol Tx/L mmol GA/L % 

FSE-7 
1.60% 

1 4.09 ± 0.21 1.90 ± 0.11 44 ± 1 
5 4.17 ± 0.20 2.50 ± 0.17 78 ± 1 
9 4.21 ± 0.18 2.80 ± 0.18 83 ± 1 

FSE-8 
3.20% 

1 4.11 ± 0.20 1.92 ± 0.21 50 ± 1 
5 4.19 ± 0.17 2.52 ± 0.21 85 ± 1 
9 4.23 ± 0.13 2.82 ± 0.18 89 ± 1 

FSE-9 
4.60% 

1 4.24 ± 0.17 1.93 ± 0.19 43 ± 1 
5 4.25 ± 0.21 2.53 ± 0.19 76 ± 1 
9 4.29 ± 0.22 2.84 ± 0.09 81 ± 1 

Mean ± SD (n = 3), process parameters: L. rhamnosus MI-0272, inoculum content 3.20%; plant material 
content 1.60%, fermentation time 9 days. 

Table 3 shows that the highest value of antioxidant activity (AA = 4.29 mmol Tx/L ± 
0.22) and the highest content of phenolic compounds (2.84 ± 0.09) were obtained by con-
ducting fermentation for 9 days using an initial sugar content of 4.60%. After lowering the 
initial sugar content to 3.20% on the ninth day of conducting the process, lactic acid for-
mation was observed with the highest yield (Lae = 89% ± 1). For this reason, an initial sugar 
content of 3.20% and a fermentation time of 9 days were selected for further studies on 
the effect of plant raw material content on stem fermentation. Under these conditions, AA 
and TPC values were, respectively, 4.23 mmol Tx/L ± 0.13 and 2.82 mmol GA/L ± 0.18 
(Table 3). 

Figure 4 shows the course of changes in lactic acid yield during the fermentation of 
clove tree stems in the presence of L. rhamnosus MI-0272 using an initial sugar content of 
1.60-4.60%, where the line corresponds to the values defined in Equation (3). 
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Figure 4. Comparison of kinetic curves of lactic acid yield changes during stem fermentation using 
initial sugar content 1.60% (blue line); 3.20% (red line); 4.60% (black line). Process parameters: L. 
rhamnosus MI-0272, inoculum content 3.20%; plant material content 1.60%. 

Stem fermentation tests in the presence of L. rhamnosus MI-0272 and using an initial 
sugar content in the range of 1.60–4.60% showed that the best ratio of lactic acid gain con-
stant to LA decay constant was observed for the process carried out at an initial sugar 
content of 3.20% (FSE-8) according to the determined reaction rate constants k1 and k2 
(Table S1); moreover, kinetic curves show changes in lactic acid yield during fermentation 
(Figure 4). 

3.1.3. Studies on the Effect of the Plant Raw Material Content 
Studies on the effect of raw plant material content on changes in antioxidant activity 

(AA), total polyphenol content (TPC), and lactic acid efficiency (LAe) are presented in Ta-
ble 4. 

Table 4. Studies on the effect of raw plant material content changes: antioxidant activity (AA), total 
polyphenol content (TPC), and lactic acid efficiency (LAe). 

Fermented Stems Ex-
tract/Plant Material Con-

tent 

Fermentation Time AA TPC LAe 

Days mmol Tx/L mmol GA/L % 

FSE-10 
0.032% 

1 1.36 ± 0.11 1.02 ± 0.11 42 ± 1 
5 2.13 ± 0.11 1.25 ± 0.11 49 ± 1 
9 2.33 ± 0.14 1.65 ± 0.19 79 ± 1 

10 2.37 ± 0.14 2.43 ± 0.19 87 ± 1 

FSE-11 
0.16% 

1 1.77 ± 0.17 1.18 ± 0.13 43 ± 1 
5 2.21 ± 0.18 1.25 ± 0.13 54 ± 1 
9 2.41 ± 0.19 1.88 ± 0.17 57 ± 1 

10 2.45 ± 0.13 2.04 ± 0.17 86 ± 1 
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FSE-12 
0.32% 

1 1.77 ± 0.11 1.25 ± 0.19 40 ± 1 
5 2.37 ± 0.12 1.49 ± 0.13 53 ± 1 
9 2.45 ± 0.21 2.19 ± 0.13 87 ± 1 

10 2.49 ± 0.19 2.35 ± 0.19 86 ± 1 

FSE-13 
0.80% 

1 2.81 ± 0.19 1.33 ± 0.12 36 ± 1 
5 4.01 ± 0.21 1.49 ± 0.15 55 ± 1 
9 4.25 ± 0.19 2.19 ± 0.19 71 ± 1 

10 4.29 ± 0.23 2.35 ± 0.17 88 ± 1 

FSE-14 
1.60% 

1 4.17 ± 0.19 1.46 ± 0.09 50 ± 1 
5 4.19 ± 0.22 1.57 ± 0.21 85 ± 1 
9 4.29 ± 0.16 2.66 ± 0.21 89 ± 1 

10 4.29 ± 0.11 2.82 ± 0.23 87 ± 1 

FSE-15 
3.20% 

1 5.70 ± 0.19 2.09 ± 0.18 50 ± 1 
5 6.22 ± 0.12 2.19 ± 0.18 85 ± 1 
9 8.10 ± 0.12 3.53 ± 0.21 88 ± 1 

10 8.14 ± 0.10 3.76 ± 0.21 87 ± 1 

FSE-16 
6.40% 

1 9.15 ± 0.13 5.09 ± 0.19 50 ± 1 
5 11.11 ± 0.13 5.33 ± 0.20 85 ± 1 
9 26.88 ± 0.21 5.96 ± 0.19 88 ± 1 

10 26.88 ± 0.21 5.96 ± 0.19 85 ± 1 

FSE-17 
12.80% 

1 9.71 ± 0.11 5.17 ± 0.11 49 ± 1 
5 11.15 ± 0.22 5.41 ± 0.18 83 ± 1 
9 26.92 ± 0.22 6.03 ± 0.16 83 ± 1 

10 27.00 ± 0.26 6.19 ± 0.13 81 ± 1 
Mean ± SD (n = 3), process parameters: L. rhamnosus MI-0272, inoculum content 3.20%; initial sugar 
content 3.20%, fermentation time: 9 days. 

Table 4 shows that the highest values of the two process functions tested (i.e., antiox-
idant activity and total polyphenol content) are obtained by conducting fermentation for 
9 days and using raw plant material at 12.80%. Under these conditions, the lactic acid yield 
is 83%. After lowering the content of plant material (to 6.40%), lactic acid formation was 
observed with the highest yield (88%), with a slight decrease in AA (from 26.92 mmol Tx/L 
± 0.22 to 26.88 mmol Tx/L ± 0.21) and TPC (from 6.03 mmol GA/L ± 0.16 to 5.96 mmol 
GA/L ± 0.19). Therefore, a plant material content of 6.40% and fermentation time of 9 days, 
due to the highest Lae (88% ± 1) and high AA and TPC values, were considered the most 
favourable (Table 4). 

Figure 5 shows the changes in the output of AA and TPC parameters in relation to 
the unit weight of plant material used. 
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Figure 5. The course of changes in output of AA and TPC parameters per unit weight of plant ma-
terial used during stem fermentation in the presence of L. rhamnosus MI-0272. 

It can be seen from Figure 5 that the Yi0 values (Equation (7)) may come from the 
presence of active ingredients (such as syringic acid, p-hydroxybenzoic acid, vanillic acid, 
ferulic acid, and others) contained in the beet molasses used in the fermentation process, 
which are responsible for the increase in AA and TCP process function values. The ob-
served increase in antioxidant activity and total polyphenol content cannot be attributed 
to the plant material used in the process.  

Figure 6 shows the course of fitting the tested AA and TPC functions to the experi-
mental points during stem fermentation in the presence of L. rhamnosus MI-0272. 
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Figure 6. The course of fitting the tested TPC function to the experimental points during stem fer-
mentation in the presence of L. rhamnosus MI-0272. 

The shape of the curves shown in Figure 6 corresponds to the Langmuir adsorption 
equilibrium model [57], for which the determined parameters X0 and b (Equation (7)) are, 
respectively, 4.2 and 3.8 mmol/g (for antioxidant activity and total polyphenol content) 
and 2.6 and 2.2 mmol/L (for AA and TPC), respectively.  

3.2. Antioxidant Activity, Total Polyphenols Content, and LA Efficiency 
Table 5 shows the results of the activity, total polyphenols content, and LA efficiency 

of FSE and PE from S. aromaticum L.  

Table 5. The results for the activity, TPC, and LA efficiency of FSE and PE from S. aromaticum L. 

Cosmetic Raw 
Material 

Chelating Activity 
ChA 

Reduction 
Activity 

RA 

Antioxidant Activity 
AA 

Total Polyphenol 
Content  

TPC 

LA Efficiency 
LAe 

 mmol Fe2+/L FSE mmol Fe3+/L FSE mmol Tx/L mmol GA/L % 
FSE * 0.30 ± 0.01 46.22 ± 0.29 26.88 ± 0.28 5.96 ± 0.19 88 ± 1 
SE ** 0.12 ± 0.01 29.31 ± 0.21 13.24 ± 0.19 2.64 ± 0.11 0 

Mean ± SD (n = 3), * fermentation process parameters of stems in the presence of LAB and beet 
molasses: type of microorganism (L. rhamnosus MI-0272), initial sugar content (3.20%), plant material 
content (6.40%), process time (9 days), ** parameters for the extraction process of stems using a 40 
kHz ultrasonic bath: plant material content (6.40%), process time (20 min), and temperature of ex-
traction (40 °C). 

Table 5 shows the antioxidant activity (via a DPPH radical scavenging assay), total 
polyphenol content (via the Folin–Ciocalteu method), Fe2+ chelating activity, Fe3+ reducity, 
and the LA efficiency of FSE and SE. Antioxidant activity (AA) tests showed that the fer-
mented plant extract had a higher degree of DPPH radical scavenging (11.60 mmol Tx/L 
± 0.09) than the plant extract (9.21 mmol Tx/L ± 0.05). The results, presented in Table 4, 
show that FSE also has a higher content of phenolic compounds (TPC = 33.90 mmol GA/L 
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± 0.14) than the test extract (22.04 mmol GA/L ± 0.13). Studies of the chelating activity of 
Fe2+ ions and reducity of Fe3+ ions in the ferrozine test showed that the activity of the tested 
FSE chelating and reduction potential is 0.32 mmol Fe2+/L ± 0.01 and 49.09 mmol Fe3+/L ± 
0.16, while, in the case of the PE, the ChA and RA value is lower (0.13 mmol Fe2+/L ± 0.01 
and 35.42 mmol Fe3+/L ± 0.22). Based on the results obtained using GC-MS, it was found 
that lactic acid efficiency was obtained on the 10th day of conducting the fermentation of 
stems: LAe = 96% (Table 5). 

3.3. Cytotoxicity Evaluation 
In order to assess the cytotoxicity of FSE and SE from S. aromaticum L., two assays 

were used to assess the impact of the tested samples on the viability and proliferative 
capacity of skin cells in vitro. The first one (Alamar blue) enables the assessment of the 
possibility of resazurin reduction, while the second one (neutral red) assesses the possi-
bility of the incorporation of the neutral red dye in cell lysosomes. Two types of skin cells 
were used in the analyses: keratinocytes (HaCaTs) and fibroblasts (HDFs). The results of 
the tests performed are presented in Figures 7–10. 

 
Figure 7. The effect of S. aromaticum L. fermented stems extract (FSE) and stems extract (SE) in the 
concentration range of 0.1–10.0% on the reduction in resazurin in keratinocytes (HaCaTs) after 24-h 
exposure. Control cells were keratinocytes untreated with the tested samples, for which viability 
was assumed to be 100%. Data are the means ± SD of three independent experiments, each consisting 
of three replicates per test group. *** p < 0.0001, ** p < 0.01, * p < 0.05. 

 
Figure 8. The effect of S. aromaticum L. fermented stems extract (FSE) and stems extract (SE) in the 
concentration range of 0.1–10.0%, on the reduction in resazurin in fibroblasts (HDF) after 24-h 
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exposure. Control cells were fibroblasts untreated with the tested samples for which viability was 
assumed to be 100%. Data are the means ± SD of three independent experiments. each consisting of 
three replicates per test group. **** p < 0.0001, *** p = 0.0006, ** p < 0.01. 

 
Figure 9. The effect of S. aromaticum L. fermented stems extract (FSE) and stems extract, in the con-
centration range of 0.1–10.0%, on the neutral red dye uptake in keratinocytes (HaCaTs) after 24 h of 
exposure. Control cells (green) were keratinocytes untreated with the tested samples for which via-
bility was assumed to be 100%. Data are the means ± SD of three independent experiments, each 
consisting of three replicates per test group. **** p < 0.0001, *** p = 0.0006, ** p = 0.0015, * p = 0.01. 

 
Figure 10. The effect of S. aromaticum L. fermented stems extract (FSE) and stems extract (SE), in the 
concentration range of 0.1–10.0%, on the neutral red dye uptake in fibroblasts (HDFs) after 24 h of 
exposure. Control cells (green) were keratinocytes untreated with the tested samples for which via-
bility was assumed to be 100%. Data are the means ± SD of three independent experiments, each 
consisting of three replicates per test group. ** p < 0.01, * p = 0.0121. 

The cytotoxicity of plant extracts is closely dependent on the part of the plant being 
extracted and the phytochemicals contained in that part of the plant material [58,59]. In 
vitro cytotoxicity studies have shown that both unfermented and fermented extracts of S. 
aromaticum L. (used in appropriate concentrations) can improve the metabolism and via-
bility of skin cells (Figures 7–10).  

3.4. GC-MS Analysis 
In the fermented extract from Syzygium aromaticum L., the main parts are eugenol, α- 

and β-caryophyllene, eugenyl acetate, and caryophyllene oxide (Figure S2). Eugenol, eu-
genyl acetate, and α- and β-caryophyllene are potentially responsible for the biological 
activity of FSE [34,35]. 
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4. Discussion 
Influence of process parameters on the fermentation of stems in the presence of L. 

rhamnosus MI-0272 showed that the highest values of the tested functions (AA, TPC, and 
LAe) were obtained on day 9 of the process, using a plant material content of 6.40% and 
an initial sugar content of 3.20%. This produces a fermented plant extract that is charac-
terised by high antioxidant activity (AA) and a high content of polyphenolic compounds 
(TPC). Increasing the content of plant material (above 6.40%) inhibits the hydrolysis of six-
carbon sugars (derived from beet molasses) to lactic acid, as a result of which their hy-
drolysis of sugars is observed [60]. This significantly reduces the efficiency of LA formed 
during fermentation. Using an optimal initial sugar concentration of 3.20%, lactic acid is 
obtained with a maximum efficiency of 88% (Table 4). Lactic acid efficiency values first 
increased during the process and then reached a maximum on day 9 or 10 of fermentation 
(depending on the strain used). Continuing the fermentation process resulted in a de-
crease in the efficiency of the lactic acid formed. Fermentation often inhibits LA produc-
tion, resulting in a gradual decrease in the growth rate of lactic acid bacteria cells. There-
fore, a gradual decrease in lactic acid concentration is observed as the process is pro-
longed. The inhibition of lactic acid is caused by the ability of the undissociated lactic acid 
to dissolve in the cytoplasmic membrane, while the dissociated lactate remains insoluble. 
This leads to the acidification of the cytoplasm and the disruption of proton motive forces. 
This event impacts the pH gradient across the cell membrane and reduces the cellular 
energy available for growth [61]. Comparing the influences of the type of strain used on 
the efficiency of the LA obtained, it was found that the use of L. rhamnosus MI-0272 as the 
fermentation strain allowed lactic acid to be obtained with the highest efficiency (88%). 
Therefore, L. rhamnosus MI-0272 was selected as the superior fermentation strain. The re-
sults showed that the obtained ferment from Rhodotorula glutinis and L. casei had the high-
est lactic acid content (15 g/L) [57]. Our study showed that all fermented plant extracts 
obtained had a higher lactic acid content (about 22 g/L) than the ferment from Rhodotorula 
glutinis and L. casei [57]. 

When lowering the initial sugar content (from 3.20 to 1.60%), there is a slight decrease 
in AA values from 4.23 mmol Tx/L ± 0.13 (on day 9 of fermentation) to 4.21 mmol Tx/L ± 
0.18 (on day 9 of fermentation). Reducing the initial sugar content from 3.20 to 1.60% with 
shorter process times (from 1 to 5 days) results in lower TPC values from 10.74 mmol GA/L 
± 0.03 to 8.78 mmol GA/L ± 0.03 (when fermentation is conducted for 1 day) and from 
10.97 mmol GA/L ± 0.02 to 9.56 mmol GA/L ± 0.01 (when fermentation is conducted for 5 
days). This phenomenon is related to the fact that the starting beet molasses contains an-
tioxidants (free phenolic acids), which increase the antioxidant activity in the fermented 
plant extract [62]. The results correlate with kinetic studies. At the same time, increasing 
the initial sugar content regardless of the fermentation time decreases the value of the 
studied function from 75% ± 1 to 32% ± 1 (Table 3). 

Lowering the content of plant material, regardless of fermentation time, causes the 
value of this function to decrease from about 1.73 mmol Tx/L ± 0.02 to about 19.94 mmol 
Tx/L ± 0.03. This means that for a plant material content of 6.40% and a fermentation time 
of 9 to 10 days, it is possible to achieve the highest content of phenolic compounds in FSE. 
With a fermentation time of 1 to 5 days (at the maximum plant material content), the value 
of this function gradually increases from 10.74 mmol GA/L ± 0.03 to 10.97 mmol GA/L ± 
0.07. Lower plant material contents (from 0.32 to 3.20%) result in a decrease in TPC from 
2.98 mmol GA/L ± 0.03 to 8.62 mmol GA/L ± 0.03. Table 4 also shows that increasing the 
plant material content at the selected fermentation time (from 9 to 10 days) results in a 
significant increase in TPC from about 3.76 mmol GA/L ± 0.04 (plant material content 
0.32%) to about 8.62 mmol GA/L ± 0.03 (plant material content 3.20%) (Table 4). 

Fermentation of black soybeans in the presence of Bacillus subtilis BCRC 14715 and 
using such solvents as water, methanol, ethanol, and acetone increased the total phenolic 
and flavonoid content, as well as the antioxidant activity of the obtained extracts. Phenols 
of different classes are converted into compounds that are more bioactive than the parent 
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compounds, leading to higher contents of TPC and AA [49]. The fermented acetone extract 
had the highest total phenolic content of 40.42 ± 0.48 mg GA/g and the highest DPPH free 
radical scavenging effect (EC50 = 0.65 ± 0.02 mg/mL), while the fermented methanol extract 
showed the highest Fe2+ ion chelating capacity (EC50 = 2.17 ± 0.19 mg/mL). The active sub-
stance associated with the DPPH radical scavenging effect was most efficiently extracted 
from black soybeans using water as a solvent. Water effectively extracted iron (II) ion che-
lating principles from unfermented (yield = 44.20% ± 0.21) and fermented (yield = 50.79% 
± 1.98) black soybeans, respectively [63]. Fermentation of cheonggukjang soybeans using 
Bacillus subtilis CS90 probiotics increased total polyphenol content (from 253 to 9414 
mg/kg) and DPPH radical scavenging activity (from 53.6 to 93.9%), while total flavanol 
gallate content decreased by about 70% over the 60-h fermentation period. As fermenta-
tion time increased, significant differences in total phenolic acids were observed: 311.01 
mg/kg (time = 0 h), 400.45 mg/kg (time = 12 h), 508.48 mg/kg (time = 24 h), 733.59 mg/kg 
(time = 36 h), 890.05mg/kg (time = 48 h), and 1066.92 mg/kg (time = 60 h). In particular, the 
level of phenolic acids increased significantly with a decrease in flavanol gallates during 
the fermentation run. Total phenolic content (TPC) is higher after the fermentation of plant 
raw materials in the presence of LAB microorganisms, which can be explained by the gen-
eration of metabolites and the release of phenols from the plant matrix. However, in some 
cases, TPC reduction after fermentation is more common due to enzymatic or non-enzy-
matic oxidation, and diffusion of soluble phenolic compounds into fermentation secre-
tions (exudates). In addition, the total phenolic content may increase or decrease depend-
ing on the strains of microorganisms [15,52,53].  

During the ongoing fermentation of plant raw materials, it has been observed that 
gallates are converted into flavanols (epigallocatechin gallate into epigallocatechin). In ad-
dition, flavanols (catechin, epicatechin, epigallocatechin) exhibit antiviral, antimutagenic, 
anticancer, anti-obesity, and hypocholesterolemic effects. Flavanols are also considered to 
be effective antioxidants, and they work by scavenging oxygen radicals and chelating 
metal ions (for example, Fe2+ ions). Phenolic acids, such as gallic acid and its derivatives, 
also have antioxidant, antimutagenic, and anticancer effects. Gallic and rosemary acids 
were the most potent antioxidants among simple phenolic and hydroxycinnamic acids. A 
review of the literature indicates that phenolic acid content correlates with the antioxidant 
capacity of FPEs [64,65]. 

Degradation of anthocyanin glucosides to their aglycone forms and free phenolic ac-
ids is also observed during fermentation in the presence of lactic acid bacteria. Fermenta-
tion of jussar pulp by L. deubruekii, assisted by the action of β-glucosidase, led to the con-
version of cyanidin 3-O-glucoside and cyanidin 3-O-rutinoside to the main product, pro-
tocatechuic acid, which is a phenolic compound. In addition, other phenolic acids, such 
as caffeic acid and ferulic acid, were detected in smaller amounts within a few hours of 
fermentation, indicating possible conversion between phenolic acids via chalcones. The 
simpler structure of these metabolites may contribute to the higher antioxidant activity of 
fermented jussar pulp, with an increase in oxygen radical-reducing capacity from 49.2 to 
90.7% compared to the unfermented extract. Accordingly, L. plantarum and Oenococcus 
oeni deglycosylate anthocyanin glucosides into their aglycones: malvidin, delphinidin, 
and peonidin. Further ring cleavage released trihydroxybenzaldehyde and syringic acid 
(from malvidin), gallic acid (from delphinidin or demethylation of syringic acid), or va-
nillic acid (from peonidin) [49,66]. 

The degree of anthocyanin degradation by lactic acid bacteria depends on the LAB 
species. The highest anthocyanin content was observed by conducting fermentation in the 
presence of L. casei and L. bulgaricus; meanwhile, conducting fermentation in the presence 
of other L. species resulted in anthocyanins at lower levels. In addition, the anthocyanin 
content, particularly delphinidin 3-O-glucoside, in the fermented orange juice was more 
significantly reduced by L. rhamnosus or L. paracasei than by L. plantarum or L. brevis. These 
observations may be due to variability in β-glucosidase or β-galactosidase activity, and 
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the presence of more hydroxyl groups in delphinidin increases its susceptibility to enzy-
matic degradation than that of other anthocyanins [67,68]. 

Of the kinetic models adopted, follow-up reaction equations and first-order equa-
tions best described the time-dependent changes taking place. On the other hand, the fol-
lowing reaction equations were best suited to explaining the generation and disappear-
ance of lactic acid (LA). This research demonstrates that the process function values of AA 
and LAe are reliant on the LAB strain and plant material content, whereas the rate of 
change of TPC may be heavily influenced by the types of phenolic compounds generated 
during fermentation. In addition, the highest rate of lactic acid growth (with the lowest 
rate of LA disappearance) is characterised by the process for obtaining FSE-5. In addition, 
the best ratio of the lactic acid growth constant to the LA disappearance constant occurs 
when using an initial sugar content of 3.20%. Moreover, changes in the values of the main 
functions describing the process, AA and TPC, do not depend on the type of LAB strain 
used in the fermentation process. Their nature is typical of the diffusive transfer of active 
components with antioxidant potential contained in the plant raw material (and resting 
on antioxidant activity) in the solution, with simultaneous transformation of flavonoids 
(such as apigenin, kaempferol, luteolin, quercetin, and taxifolin) contained in the raw 
plant material undergoing transformation to free phenolic acids during fermentation (i.e., 
caffeic acid, gallic acid, ferulic acid, p-coumaric acid, sinapic acid, and vanillic acid), which 
are metabolic products (Figures 1–6, Tables S1 and S2). 

Fermentation is one of the methods used to increase phenolic acid content. When 
conducting fermentation of plant raw materials, the biotransformation of phenolic com-
pounds (such as apigenin, kemferol, luteolin, quercetin, taxifolin, flavonoids, tannins, stil-
benoids, lignans, and alkylresorcinols) via lactic acid bacteria occurs. During fermenta-
tion, anthocyanin aglycones (i.e., anthocyanidins) such as malvidin and peonidin are re-
leased, which are then converted to syringic acid and vanillic acid. Flavanols found in 
plant materials in monomeric form (catechin, epicatechin, epigallocatechin, and gallocat-
echin) or polymeric form (proanthocyanidins or condensed tannins) are converted into 
their free forms during fermentation. Catechin and epigallocatechin gallates are converted 
to catechin and epicatechin. In addition, epigallocatechin gallate is converted to free cate-
chin, catechin esters, and gallic acid. Moreover, in addition to the transformation of phe-
nolic compounds, fermentation induces condensation reactions between flavanols and an-
thocyanins, forming anthocyanin-flavanol pigments: in particular, cyanidin-3-glucoside-
ethyl-epicatechin. Fermentation increases the levels of the flavanones naringerin, eriodic-
tyol, and naringerin from eriodictyol-7-O-glucoside and naringerin-7-O-glucoside, re-
spectively. During fermentation, bioconversion of flavones, that is, the conversion of bai-
calin and wogonoside into their more bioavailable, aglycone forms, baicalin and wogonin, 
respectively, can occur. The bioconversion of isoflavones from glycosidic to aglycone form 
is also observed during the fermentation of raw plant materials. During the bioconversion 
of daidzein, glycitrin, and genistein 7-O-glucoside, free daidzein, glycitrin, and genistein 
are formed. The deglycosylation of flavanols during fermentation results in the release of 
kaempferol, kaempferol 3-glucoside, quercetin, and quercetin 3-glucoside from rutin 
(quercetin 3-rutinoside) [49,50,65,66,69,70].  

Cytotoxicity analyses showed that both unfermented and fermented extracts of S. 
aromaticum L. can increase the viability of skin cells in vitro (Figures 7–10). However, tak-
ing into account the possibility of the cytotoxic effects of extracts and ferments obtained 
from this plant in higher concentrations, when considering its use as a raw material for 
the production of various preparations applied to the skin, the appropriate concentration 
should be selected. The possibility of cytotoxic effects of S. aromaticum on skin cells was 
also confirmed by Prashar et al. [71]. During studies using fibroblasts, they indicated the 
cytotoxic properties of both the oil from this plant and the eugenol itself. In contrast, in 
our study, we did not observe any cytotoxicity on fibroblasts treated with fermented stem 
extracts in the concentration range of 0–100,000 µg/mL (Figure 8), suggesting that FSEs 
from S. aromaticum L. can prolong skin cell viability. However, Kim et al. [72] did not 
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observe any cytotoxicity on fibroblasts treated with clove extracts in the concentration 
range of 0-200 µg/mL [72]. These results indicate that cytotoxicity is strictly dependent on 
both the plant part and the phytochemicals it contains [58,59]. So far, there are no literature 
reports on the cytotoxicity of ferments from S. aromaticum L.; therefore, this work indicates 
for the first time the potential use of FSEs in the cosmetics and pharmaceutical industries. 

The major components in FSE from Syzygium aromaticum L. were eugenol, α- and β-
caryophyllene, eugenyl acetate, and caryophyllene oxide (Figure S2). Our S. aromaticum L. 
fermented extract contained similar classes of compounds (phenylpropanoid, sesquiter-
penes, carboxylate ester, and oxygen derivative of sesquiterpenes) as the non-fermented 
extract from S. aromaticum L. analysed by Yassine El Ghallab et al. [73]. Syzygium aromati-
cum L. essential oil (from buds) was richer in diethyl phthalate, cadinene, α-copaene, 4-(2-
propenyl)-phenol, chavicol, and α-cubebene, while the extract isolated from clove leaf 
contained benzyl hexahydropyrrolol [1,2-A] pyrazine-1,4-dione; 3,5 dihydroxy-4,4 dime-
thyl-2,5 cyclohexa-dien-1-one; nitrophenylazo tert-butyl sulphide, and 2-propylpiperi-
dine as the main components [34,74]. This comparison suggests that essential oils and ex-
tracts obtained from different parts of the same plant (buds, leaves, and stems) may have 
different chemical compositions, which may result in different biological activities. 

The constituents potentially responsible for the biological activity of the fermented 
extract from S. aromaticum L. are eugenol, eugenyl acetate, and α- and β-caryophyllene 
[34,35]. The analgesic, antioxidant, anticancer, antiseptic, antidepressant, antispasmodic, 
anti-inflammatory, antiviral, antifungal, and antimicrobial effects of eugenol, which is the 
main component of clove oil, have been documented [36,75]. Eugenol and eugenyl acetate 
are characterised by their ability to deactivate free radicals (DPPH) and antimicrobial ac-
tivity [76]. Notably, Gülçin [77] reported the in vitro antioxidant effectiveness of eugenol 
and discussed the relationship between structure and activity. They showed that eugenol 
allows the donation of the hydrogen atom and, subsequently, fixes the phenoxil radical. 
Additionally, the eugenol compound has a pleasant carbon chain link with the aromatic 
ring, which can be involved in phenoxil radical stabilisation by resonance [77]. Other lit-
erature reports indicate that eugenol and its ester derivative are also characterised by anti-
tumour activity against the B16 melanoma cell line [37,38,78]. 

5. Conclusions 
A detailed study of the influence of technological parameters on the fermentation 

process of stems from S. aromaticum L. made it possible to determine the technological 
parameters at which lactic acid contained in fermented plant extracts is formed with the 
highest efficiency, namely, with the highest values of AA and TPC at the same time. The 
results obtained on the influence of the process parameters on the fermentation process of 
stems in the presence of lactic acid bacteria using beet molasses as a source of six-carbon 
sugars show that, by conducting fermentations over 9 days using 6.40% of raw plant ma-
terial and an initial sugar content of 3.20%, it is possible to obtain lactic acid with the high-
est efficiency while also obtaining high AA and TPC values.  

The fermentation of stems from S. aromaticum L. in the presence of LAB strains 
showed modifications in bio-chemical parameters and changes in antioxidant activity, 
phenolic compound content, and a lactic acid yield of FSEs. Antioxidant activity (AA) in-
creased more than six-fold from 4.12 mmol Tx/L ± 0.11 (using process parameters con-
sistent with FSE-1 fermentation) to 26.92 mmol Tx/L ± 0. 22 (using process parameters 
consistent with FSE-17 fermentation); moreover, under these conditions, there was also a 
more than three-fold increase in phenolic compounds (from 1.91 mmol GA/L ± 0.13 to 6.03 
mmol GA/L ± 0.16), which are desirable for their health benefits, as well as a more than 
two-fold increase in LA yield (from 40% ± 1 to 83% ± 1). 

The fermented plant extract obtained from the stems of S. aromaticum L. is a valuable 
cosmetic raw material with high antioxidant potential and is safe for dermal fibroblasts 
and keratinocytes. When used in the right concentration, FSE can be used to develop 
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cosmetic products for topical application and skin health, offering an effective delivery of 
active ingredients with desired properties.  

Of the two different kinetic models used, the first-order model was particularly suit-
able for antioxidant activity and phenolic compounds, and the follow-up reaction model 
was effective in describing the time-dependent yield of lactic acid. However, further re-
search is required to indicate the content of flavonoids that are generally reduced during 
fermentation in order to understand the mechanisms and metabolism of flavonoid degra-
dation and to identify phenolic acids as metabolic products.  

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1. Example chromatogram of a FSE containing internal standard 
(octane RT = 4.731 min) and lactic acid (RT = and 5.920 min); Table S1. Kinetic values of lactic acid 
yield and time for maximum function during stem fermentation in the presence of LAB: FSE-1 (L. 
reuteri MI_0168); FSE-2 (L. salivarius LY_0652); FSE-3 (L. brevis LY_1120); FSE-4 (L. acidophilus MI-
0078); FSE-5 (L. rhamnosus MI-0272); FSE-6 (L. plantarum MI-0102); Table S2. Reaction rate constants 
and time for maximum function of lactic acid yield changes during stem fermentation in the pres-
ence of LAB; Figure S2. The example chromatogram identifying the major constituents of the FSE: 
1: eugenol (RT = 16.58 min), 2: α-caryophyllene (RT = 17.65 min), 3: β-caryophyllene (RT = 18.12 
min), 4: eugenyl acetate (RT = 18.78 min), and 5: caryophyllene oxide (RT = 19.75 min). 
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