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Abstract: Microbial fermentation is a fundamental bioconversion mechanism widely used in diverse 

industrial sectors, notably in food processing and bioenergy production. Over the years, the wealth 

of information and scientific and technological advances in the field of fermentation have made 

considerable progress. Most recent research studies are currently devoted to the implementation of 

innovative technological processes in order to increase fermentation effectiveness while consuming 

less energy and processing time. The aim of the present review is to investigate the impact of 

innovative physical techniques (pulsed electric fields: PEF, cold atmospheric plasma: CAP and 

magnetic fields: MF) on fermentation processes. The bibliographic analysis will mainly focus on 

recent advances towards non-destructive methods and their induced changes on fermentation 

dynamics, fermented product quality, metabolite synthesis, and microbial growth kinetics. 
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1. Introduction 

Microbial fermentation is an exothermic biochemical process in which microorganisms, 

including bacteria, yeasts and fungi, metabolize organic substrates into simpler molecular products. 

In addition to its biological value, fermentation has also been of crucial importance for culture and 

nutrition throughout the history of mankind. Yet, fermentation is being used by Mediterranean 

civilizations for producing bread, wine, cheese, and fermented olives, among other basic foods and 

drinks. These practices became ingrained in culinary traditions that continue to thrive today in 

addition to being crucial for food preservation in hotter areas. The probiotic health potential of 

fermented foods continues to be essential elements of the Mediterranean diet, which is widely 

recognized for its health advantages [1]. In fact, the fermented foods are being considered as 

functional food-items that offer health benefits beyond pure nutritional intake. 

Mediterranean-inspired foods like sourdough bread, yogurt, and artisanal cheeses are full of 

beneficial bacteria and bioactive substances that promote gastrointestinal health and may help 

prevent chronic diseases [2,3]. The fermentation produced compounds that are categorized as 

alcoholic, acetic, lactic, butyric, or propionic compounds. In addition to its central role in the food 

processing [4], microbial fermentation is also used to produce biofuels, enzymes and pharmaceutical 

components [5,6]. This complex biological process involves specific metabolic pathways and 

symbiotic interactions between microorganisms that have a strong impact on biodiversity and 

ecological balance. 
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Understanding the fundamentals of microbial fermentation is, in our opinion, essential to 

improve food production methods, develop new sustainable technologies and emphasize the central 

role of microbes in the global ecosystem. Traditional Mediterranean fermentation methods provide a 

useful paradigm for integrating traditional knowledge with cutting-edge research as modern food 

technologies to develop solutions that are health-promoting, sustainable, and culturally relevant.  

Nowadays, the application of physical treatments in microbial fermentation has been a rapidly 

developing research topic, offering numerous options to activate microorganisms or to inactivate 

undesirable ones [3,7–9]. These physical methods are typically divided into two main groups: thermal 

and non-thermal. Non-thermal methods such as ultrasound [10], irradiation (microwave irradiation, 

gamma irradiation) [11], high pressure [12], pulsed electric fields [13] and cold atmospheric plasma 

[14] were used for chemical reaction acceleration, monitoring fermentation progress and 

pasteurization. According to Koubaa et al. [11], these methods are also used to shorten the 

fermentation process, increase microbial metabolism and enzyme production, inactivate undesirable 

bacteria and extend food shelf life. 

Notably, all the mentioned innovative processes are non-thermal, green and inherently safe for 

application [15]. Unlike heat-treated foods, these non-thermal processes are often used at ambient 

temperature or below 40°C, which preserves the integrity of heat-sensitive ingredients in processed 

goods [16]. The integration of optimized physical methods with microbial fermentation constitutes 

an emerging and dynamic field of research offering significant potential for advancing the future of 

food and beverage manufacturing [17,18]. Accordingly, elucidating the impact of these physical 

interventions is crucial to validate their efficacy and ensure the quality and functional properties of 

the resulting fermented products. Ongoing research into these technologies sets the stage for 

significant advances in the microbial fermentation development and has the potential to benefit the 

food industry, biotechnology and related fields. 

The current study compiles the latest and most relevant research findings (from 1993 to 2025) on 

the use of magnetic fields, pulsed electric fields and cold atmospheric plasma in microbial 

fermentation. It further provides an in-depth analysis of the induced biological changes and explores 

the possible applications of these emerging technologies in the food and health sectors. 

2. Effect of Pulsed Electric Fields (PEF) on Fermentation and Food Processing 

2.1. Fundamental Aspects of Pulsed Electric Fields 

PEFs are innovative and promising technology in the food processing and microbial 

fermentation fields. At least 69 research units in 25 countries worldwide are currently investigating 

a diversity of PEF applications [19,20]. The advantage of PEF treatment lies in its non-thermal nature, 

safety and eco-friendly aspects. In fact, it could be effectively applied at lower temperature lower 

than standard treatments generally involving thermal supply. The PEF method involves exposing a 

material between two electrodes to external electric fields, followed by a series of brief, intense pulses 

reaching 65 kV/cm [21–23]. This physical technique disrupts the cell membrane integrity by 

generating transient nanopores through the application of an external electric field. However, the 

efficiency of electroporation depends on several factors that are influenced by both the processing 

conditions and the treated system properties [24]. The critical factors include the the design of the 

treatment chamber, the electric field intensity, the specific energy input, the pulse geometry, the 

temperature and the frequency. 

According to Marszałek et al. [17] the PEF-treated material characteristics also include cell size 

and shape, pH value, electrical conductivity, porosity, water content and activity, and structure. 

Gram-positive bacteria exhibit better resistance to electroporation compared to Gram-negative 

bacteria, primarily due to their thicker cell walls and higher peptidoglycan content. In occurrence, 

disulphide bonds can provide Gram-positive bacteria a protection making them more resistant to the 

PEF-induced electroporation [25]. According to Barba et al. [26] pulsed electric field (PEF) technology 

applies high-voltage pulses, generally between 20 and 80 kV/cm, to inactivate and eradicate 
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microorganisms during fermentation, while lower to moderate voltages can effectively regulate 

microbial activity within these processes. 

2.2. Effect of PEF on Microbial Activity and Fermentation 

2.2.1. Bacteria 

The effect of PEF on microbial activity and fermentation is based on its ability to induce 

electroporation and to initiate metabolic cascades. Moreover, the induced porosity of the cell 

membrane facilitates enhanced nutrient absorption as well as improved diffusion of ions and 

molecules [27]. PEF has shown a number of beneficial effects on the growth rate and metabolism of 

bacteria. For instance, pulsed electric fields applied with an intensity of 2.5 to 7.5 kV/cm and a 

duration of 3 to 4.5 ms significantly enhanced cell membrane porosity in Lactobacillus acidophilus 

strains BT 1088 and FTCC 0291, Lactobacillus bulgaricus strains FTCC 0411 and FTDC 1311, as well as 

Lactobacillus casei BT 1268. Compared to the untreated control, the cells exposed to PEF 

electroporation showed a significantly enhanced growth rate. Additionally, Lye et al. [28] reported 

that electroporation triggered lipid peroxidation in the cell membrane, which in turn enhanced the 

cholesterol uptake from the external medium. Additionally, when exposed to 1 kV pulses for 0.5 

seconds, Lb. acidophilus LA-K and Lb. bulgaricus LB-12 showed improved acid tolerance, exponential 

growth and protease activity in comparison to the untreated strains [29]. 

Ohba et al. [30] proved that exposure of Lactococcus cremoris to pulsed electric fields significantly 

enhanced the production of exopolysaccharides (EPS). Definitely, the EPS yield was increased by 

32%. In response to a single treatment with 8 kV/cm and a pulse length of 1 s, applied 200 times. 

Conversely, a circular treatment over 4 hours led to a 94% increase in EPS yield relative to the control. 

Following fermentation, the molecular weight of the EPS decreased while its chemical composition 

remained unchanged, a phenomenon that may be attributed to enhanced EPS synthesis coupled with 

increased cell membrane permeability. Other studies have highlighted the novel potential of pulsed 

electric field (PEF) technology to increase bacterial zinc levels. Interestingly, the application of PEF to 

Lactobacillus rhamnosus B 442 with specific parameters (field intensity of 3 kV/cm, 20 µs pulses over 

15 minutes) significantly increased the zinc content of the bacterial cells, reaching a concentration of 

500 µg/ml. This increase was observed without affecting the entire bacterial population or its biomass. 

Góral et al. [31] emphasized that this technique offers valuable insights into improving 

microorganisms enrichment with zinc. Kanafusa et al. [32] activated the lactic acid metabolic pathway 

in Lactobacillus plantarum DSM 9843 during its logarithmic development phase by applying PEF at 

40-60 kV/cm with 100-600 pulses, a pulse width of 35 ns and a frequency of 1-50 Hz. Relative to the 

control, the fermented watermelon juice contents in L-lactic acid, D-lactic acid, and acetic acid 

were increased by 19%, 6.8%, and 15%, respectively [32]. 

Recently, Mohamed et al. [33] demonstrated that PFE application at frequency of 0.8 Hz for 60 

minutes significantly inhibited the growth of Klebsiella pneumoniae, by about 96.5% relative to the 

clinical and reference strains. The treatment increased the sensitivity of the bacteria to antibiotics 

targeting cell wall synthesis, protein function, β-lactamase activity and DNA replication. In addition, 

PEF exposure reduced biofilm formation by 36.11-46.63%, suggesting disruption of microbial 

adhesion and colonization mechanisms. These results suggest an eventual synergic action of PEF 

with current treatments in addressing antibiotic-resistant infections. In fact, the high-voltage pulsed 

electric fields applied under optimal conditions (9.6 kV/cm, 20 minutes, 1000 Hz and 50% duty cycle) 

was an effective antimicrobial treatment reducing Alicyclobacillus spp. in apple juice from 1.89 to 4.76 

log CFU/mL [34]. The authors found that the antimicrobial mechanism is related to a modification in 

cell membrane permeability and fatty acid composition, which resulted in cell deformation and 

shrinkage as well as leakage of intracellular proteins. It is noteworthy that the concentration of 

soluble solids, soluble sugars, organic acids, flavor components, titratable acidity and sensory 

analysis of the juice were unchanged by PEF treatment. Although the clinical application of PEF 
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technology has shown promising results, further research is needed to elucidate the underlying 

cellular mechanisms and optimize safety parameters. 

2.2.2. Yeast and Mold 

The yeast Saccharomyces cerevisiae has established itself as the excellent model organism in the 

field of pulsed electric field (PEF)-assisted microbial fermentation. This strain, widely used in 

biotechnology, has attracted the interest of researchers and has been the subject of studies aimed at 

determining how fermentation is affected by PEF. Fologea et al. [35] showed that yeast growth was 

2-fold higher upon exposure to a 0.85 kV/cm pulse. Mattar et al. [36] reported the positive effects of 

electrical treatment on wine yeast (S. cerevisiae). The PEF treatment (0.1 to 6 kV/cm, 1,000 pulses of 

100 μs) enhanced growth rate and sugar consumption, especially fructose. Treatment with 6 kV/cm 

resulted in 30% decrease of the fermentation time compared to the control samples, which required 

an additional 20 hours. Nevertheless, the advantages of electrotherapy are restricted in the final 

fermentation phase by many factors including nutrient depletion and the accumulation of inhibitory 

by-products. Moreover, the PEF application to Saccharomyces cerevisiae at 3 kV/cm using pulses of 10 

μs at a frequency of 1 Hz for 10 minutes resulted in a 65% and 100% increase in the accumulation of 

selenium and zinc ions in yeast cells, respectively [37]. 

One of the most notable effects of reversible electroporation on Saccharomyces cerevisiae is the 

reduction of protein co-extraction and the extraction of glutathione, a potent antioxidant. To achieve 

this, the yeast cells were treated with PEF at a field strength of 12 kV/cm and a pulse width of 150 µs. 

They were then incubated at various pH values and temperatures. After an incubation time of one 

hour, more than 60 % of the total glutathione was released from the PEF-treated cells, regardless of 

pH or temperature [38]. In the same context, other yeast and mould species were also investigated 

including Aspergillus niger [39] and Hanseniaspora sp [40] (Table 1). 

Furthermore, electrical stimulation of Aspergillus niger spores prior to inoculation (electric fields 

of 2.85 kV/cm, a frequency of 1 Hz and a pulse width of 1 ms) appears to be a promising method to 

increase the efficacy of citric acid (1.4-fold increase compared to untreated samples), an organic acid 

that is versatile due to its special properties. In the food industry, citric acid is used as a flavor 

enhancer, pH regulator and preservative. In the pharmaceutical sector, it is used to stabilize 

medicines and to cover unpleasant odors. It is used as a gentle, natural exfoliant to balance the pH 

value in cosmetics. Citric acid is also used in biology as a buffer and chelating agent [39]. 

Table 1. Summary of studies reporting the use of Pulsed Electric Fields for microbial fermentation. 

 Microorganisms 
Treatment 

Parameters 
Main Result Reference 

Bacteria 

Lactobacillus casei BT 

1268, Lactobacillus 

bulgaricus FTCC 0411, 

Lactobacillus acidophilus 

BT 1088, Lactobacillus 

acidophilus FTCC 0291, 

and Lactobacillus 

bulgaricus FTDC 1311 

2.5–7.5 kV/cm, 

3–4.5 ms 

PEF treatment enhanced 

cell membrane 

permeability, insuring 

more efficient transport 

of cholesterol from the 

fermentation medium 

into the cytoplasm 

[28]  

Lactobacillus acidophilus 

and Lactobacillus 

delbrueckii ssp. Bulgaricus 

20 μs, 60 

mL/min flow 

rate, 1 kV/cm, 

and PEF 

treatment  

temperature of 

40.5°C. 3 μs is 

the positive 

When exposed to mild 

PEF conditions, Lb. 

acidophilus LA-K and Lb. 

bulgaricus LB-12 

exhibited notably 

improved acid resistance, 

enhanced exponential 

phase growth, and 

 [29]  
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square unipolar 

pulse width. 

increased protease 

activity relative to the 

untreated control. 

Lactococcus cremoris 

200 pulses at 8 

kV/cm for 1 

second and for 4 

h 

The application of PEF 

resulted in a 32% 

increase in 

exopolysaccharide (EPS) 

yield with a single 

treatment for 1 second 

and a 94% increase with 

circular treatment for 4 h 

compared to the control 

[30]  

L. plantarum in MRS 

medium 

E: 40–60 kV/cm, 

number of 

pulses: 100–600, 

Pulse 

width: 35 ns, f: 

1–50 Hz, 

applied during 

the log growth 

phase of the 

bacteria 

The nsPEF treatment 

positively enhanced the 

metabolism of lactic acid 

bacteria. A 19% rise in L-

lactic acid, a 6.8% 

increase in D-lactic acid, 

and a 15% increase in 

acetic acid were observed 

compared to the control. 

 

 [32] 

Klebsiella pneumoniae 

Resonant 

frequency of 0.8 

Hz, 

 exposure time 

60 min 

PEF inhibited the growth 

of Klebsiella 

pneumoniae, increased 

the sensitivity of bacteria 

to antibiotics targeting 

cell wall synthesis, 

protein function, β-

lactamase activity and 

DNA replication. 

[33] 

Alicyclobacillus spp 

9.6 kV/cm, 

exposure time 

20 min, 1000 Hz, 

50% duty cycle 

PEF reduced 

Alicyclobacillus spp. in 

apple juice by 1.89 to 4.76 

log CFU/mL 

[34] 

 
Yeast and 

mold 

Trichoderma reesei 1.5 KV/cm 

Cellulase activity and 

secretion were increased 

by increasing membrane 

permeability. 

[41] 

Kluyveromyces marxianus 

IMB3 

0.625–3.750 

kV/cm 10 ms 

Ethanol production from 

cellulose was enhanced 

by 40% through the 

application of PEF, 

ethanol production was 

boosted by an increased 

Electric Field, although 

the enhancement was not 

as significant as when 

using a specific intensity 

of 0.625 kV/cm 

[42] 

S. cerevisiae in YEPG 

medium 

0.5-1.5 kV/cm,  

bipolar square 

pulses of 20 μs, 

Cell growth doubled 

with a field strength of 

0.85 kV/cm. 

[35] 
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total length of 

pulse: 8 ms 

Aspergillus niger in Basal 

Medium 

0.57–2.85 kV/cm  

1–20 ms pulse 

duration 

0.1–10 Hz 

frequency 

The output of the citric 

acid synthesis process 

remained constant over a 

range of pulse durations 

from 1 to 20 ms. 

With an electric field 

strength of 2.854 kV/cm, 

the rose had the 

strongest electric field. 

the peak value was at a 

frequency of 1 Hz, which 

is 1.4 times higher than 

the control. 

[39] 

S. cerevisiae suspension 

in water 

0.1 and 6 kV/cm 

Monopolar 

pulses 

1000 pulses, 100 

μs pulse 

duration 

100 ms pulse 

repetition time 

18 μs/cm 

conductivity 

PEF enhanced the 

efficiency of the 

fermentation process and 

promoted greater sugar 

utilization. Following 

fermentation, samples 

treated with PEF showed 

a 30% greater mass 

reduction compared to 

untreated ones, which 

required an additional 20 

hours to reach a similar 

level of reduction. 

[36] 

S. cerevisiae 

Optimized 

parameters 

3 kV/cm, 10 μs 

pulse width, 1 

Hz, Total 

exposure time 

10 min 

PEF boosted the 

accumulation of 

selenium and zinc within 

yeast cells. 

[37]  

Hanseniaspora sp. Yeast 

in YPD medium 

Intensity in the 

range 0.072–

0.285 kV/cm 

during the 

fermentation 

(Lag, 

exponential, and 

log 

phases) 

The yeast Hanseniaspora 

sp. is stimulated by 

moderate PEF, which 

shortens the 

fermentation time and 

increased biomass 

production. When 285 

V/cm was administered 

during the Lag and early 

exponential stage as well 

as the Log phase, the 

growth rate of the yeast 

reached its peak. 

[40] 

 Microalgae  Arthrospira platensis  

E: 10.5–19.97 

kV/cm,  

number of 

pulses: 1.83–

15.88, Pulse 

The highest biomass 

output was obtained 

with the longest pulse 

width of 100 ns. Through 

their effects on 

[43] 
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width: 25–100 

ns, f: 3–20 Hz, 

treatment time: 

0.61 s, 

Energy input: 

217–507 J/Kg 

intracellular and plasma 

membrane dynamics, 

nsPEF treatments 

stimulate cell growth. 

  Arthrospira platensis  

pulses of 100 ns, 

energy input of 

256 J/kg 

The exponential phase 

(36h) was correlated with 

the rising influence of 

biomass growth 

[44] 

2.2.3. Microalgae 

In addition to yeast, the possible use of PEF applications in other microorganisms, such as 

different strains of microalgae, was investigated. Indeed, this technique has improved the 

performance of microalgae-based biorefineries by enabling better biomass yields of Chlorella vulgaris 

(10 kV/cm, 100 ns pulses, 5 Hz) and Arthrospira platensis (100 ns pulses, energy input of 256 kJ/kg) 

[43,44]. 

The impact of PEF application was also assessed at different stages of cell development in the 

microalgae Arthrospira platensis. Cell proliferation was quantified 12, 36 and 60 hours after 

inoculation. The results showed that the exponential phase (36 hours) was associated with an 

increasing influence on biomass growth. These results suggest that microalgae could be a valuable 

resource in photoautotrophic biorefineries following treatment [44]. 

2.3. Use of Pulsed Electric Field for Fermented Foods 

The potential of PEF technology has been demonstrated in many areas of fermented beverage 

development. PEFs with high intensity (>15 kV/cm) have been used primarily for preservation and 

have successfully inactivated pathogens and broken down bacteria. For example, Rios-Corripio et al. 

[45] found that the microbial load of Brettanomyces ssp. was significantly reduced in the PEF-treated 

beverage relative to thermally pasteurized equivalents. The fermented pomegranate beverage was 

treated with PEF (bipolar pulses of 6 ms at 18 kV/cm and 200 Hz). In addition, the PEF-treated 

beverages showed improved sensory acceptability and increased levels of antioxidant compounds 

after storage. In comparison, high intensity PEF (37–53 kV/cm) was investigated as a potential 

preservation technique for kombucha beverages, preserving the organoleptic properties as well as 

the amount of beneficial components present [46] (see Table 2). 

PEF technique was commonly used in winemaking for microbial decontamination, while 

preserving the wine quality [38]. The use of high-intensity PEF offers the advantage of shorter 

processing times, the avoidance of temperature increases and irreversible electroporation. This 

ensures the inactivation of microbial cells while preserving thermolabile compounds such as 

antioxidants and volatiles, resulting in the production of safe, storable and high-quality products [47]. 

Table 2. Summary of studies reporting the use of pulsed electric field for fermented foods. 

Fermented product Observation Reference 

Kombucha analogues 
Desactivation of acetic acid bacteria 

within  kombucha consortium 
[46] 

Wine 

Enhanced hue saturation, 

anthocyanins and overall phenolic 

content elevation, Improved 

extraction of bioactive components, 

hightened flavonols and phenolics 

compounds, shortened  fermentation 

duration, substitute method for 

 [48–52] 
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hatting fermentation(as opposed to 

employing SO2) 

fermented 

pomegranate beverage 

Reduction of Brettanomyces ssp 

microbial load in the PEF-treated 

beverages compared to thermally 

pasteurized equivalents. 

[45] 

Natural drinkable 

yogurt 
Low fermentation time (42 min) [53] 

Alternatively, it has been investigated whether PEF at low intensity can improve the color 

quality and polyphenol profile of red wines, leading to a significant reduction in maceration time 

[54]. Nevertheless, further investigations are needed to comprehend the fundamental mechanisms of 

the observed induced effects and to assess the risk of electrochemical contamination by PEF chamber 

electrodes. 

PEF treatment is a promising physical method for accelerating the ageing of vinegar and wine 

[55]. Sun et al. [56] showed that PEF-treated orange vinegar (25 kV/cm, 300 μs) had an increased 

content of important flavor compounds (ethyl acetate, isoamyl acetate, 3-methyl-1-butanol, acetoin 

and phenethyl alcohol), similar to naturally aged vinegar. Liu et al. [57] also found that PEF (5–20 

kV/cm) improved the total sum of esters, acids and phenylethyl alcohols in red wine while reducing 

fuel oils. Moreover, a greater color intensity and higher phenolic content were observed in young red 

wine treated with 14–22 kV/cm for 6 μs [58]. Application of PEF treatment of Hanseniaspora sp. before 

or during apple juice fermentation with voltages of 72 to 285 V/cm and ten 100 μs pulses resulted in 

a significant decrease in ethanol production with a simultaneous biomass accumulation [40]. 

Recent studies have shown that the application of low-intensity pulsed electric fields can 

accelerate fermentation and stimulate microbial activity in the production of fermented milk 

products. For instance, As reported by Chanos et al. [59], the use of pulsed electric fields (PEF) 

improved yoghurt fermentation by inducing cellular stress and increasing the metabolic activity of 

lactic acid bacteria (a mixture of Streptococcus thermophilus and Lactobacillus delbrueckii ssp. bulgaricus) 

and acidification potential in a reconstituted skimmed milk medium. In a study conducted by Yeo 

and Liong [60], the effects of PEF (2.5-7.5 kV/cm for 3-4 ms) were evaluated prior to initiating 

fermentation in biotin- and mannitol-enriched soya milk. They observed that bioconversion was 

improved at higher PEF intensity (4 or 7.5 kV/cm), which can be attributed to changes in beta-

glucosidase activity [61]. 

Miranda-Mejía et al. [61], investigated the impact of low intensity PEF on a starter culture 

mixture containing Streptococcus thermophilus, Lactobacillus bulgaricus and partially skimmed milk, 

prior to the fermentation phase of natural yoghurt production. Their findings indicated that applying 

low-intensity PEF treatments (from 1 to 3 kV/cm) led to a reduction in fermentation time of 

approximately 0.31 to 0.52 hours compared to conventional fermentation approaches. It is 

noteworthy that the PEF treatment had no negative impact on the quality and organoleptic 

parameters of the yoghurt. Joo et al. [62] previously observed that higher PEF intensities were 

associated with lower levels of lactic acid and ethanol, while acetic acid production increased in 

Weissella cibaria SKkimchi and mixed kimchi fermentations. It was shown that PEF intensities (1.5 and 

2.0 kV/cm) accelerated the ripening process and extends the shelf life of fermented radish kimchi by 

increasing the permeability of the cell membranes while maintaining the integrity of the cells [63]. 

The pre-treatment restricted the availability of reducing sugars and suppressed the proliferation of 

lactic acid bacteria, thereby slowing the fermentation process and preventing premature over-

ripening. In addition, PEF improved the overall quality of fermentation, reduced the undesirable 

green flavor and aroma and shortened the ripening time by up to 70%, while maintaining product 

texture and antioxidant activity. By controlling the fermentation rate and extending the shelf life of 

fermented products, PEF is a potential method for optimizing the fermentation of salty vegetables, 

such as kimchi. 
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In summary, most of published studies indicated that reversible electroporation can be induced 

by low to moderate PEF intensity, which shortens the processing time and ensures the quality of the 

final product by accelerating microbial activity and improving the extraction of bioactive chemicals. 

It is hypothesized that PEF induced-changes in cytoplasmic membranes, enzymatic activity and 

genetic expression are responsible for the increased growth and fermentation rate. However, further 

studies are required to fully understand the mechanisms underlying the increased production of 

specific metabolites. 

3. Effect of Magnetic Field on Fermentation 

3.1. Fundamental Aspects of Magnetic Field 

A magnetic field is a vector field generated by direct or alternating electric currents (AC/DC) 

flowing through conductors or permanent magnets [64]. It is characterized by the presence of 

magnetic forces that influence moving charges, such as electrons, and is responsible for phenomena 

such as magnetism and electromagnetic induction. Magnetic fields are usually represented by lines 

known as magnetic field lines, which indicate the direction and intensity of the magnetic field. The 

strength of a magnetic field is expressed in units of Tesla (T) or Gauss (G). Based on their temporal 

behavior, magnetic fields can be divided into static magnetic fields (SMF), oscillating magnetic fields 

(OMF) or pulsed magnetic fields (PMF). A magnetic field is considered homogeneous when the 

gradient at the location of sample exposure equals zero, indicating a uniform spatial distribution. In 

other cases, it can be characterized as heterogeneous. In terms of magnetic flux density, the categories 

super-weak (100 to 0.5 mT) and weak (<1 mT), moderate (1 to 1 T), strong (1 to 5 T), and ultra-strong 

(>5 T) are used to distinguish SMFs [65]. 

3.2. Application of Magnetic Field in Microbial Fermentation 

Recent studies have shown that MF can affect microbial growth, metabolism and fermentation 

depending on microbial species and field characteristics [9]. Previous studies have primarily focused 

on the effects of some parameters such as magnetic field intensity, frequency and exposure time on 

fermentation [66,67]. However, it is important to note that the relationship between the magnetic 

effects and these parameters may not always be proportional, a phenomenon known as the "window 

effect", suggesting a non-linear effects of MF effects on microbial fermentation and that the specific 

combination of field properties can lead to different outcomes. 

3.2.1. Magnetic Fields on Bacteria 

The impact of MF on microbial fermentation is a topic that has been extensively studied. The 

findings of this research suggest that exposure to MF can influence microbial growth, metabolism 

and fermentation processes. However, the observed effects are depending on the specific 

characteristics of the applied magnetic field and the microbial species under consideration. 

It has been shown that the use of MF can influence metabolic pathways and facilitate the 

synthesis of specific products. For example, it has been shown that exposure to a static magnetic field 

increases the ability of Rhodobacter sphaeroides to produce porphyrin [68]. The yield of the 

antimicrobial compound nisin produced by Lactococcus lactis was increased threefold when exposed 

to a magnetic field of 5 T for four hours [69].  However, it is critical to take in account the specific 

bacterial strain and its characteristics when evaluating the effects of MF. Interestingly, identical MF 

conditions can have different or reverse effects on different bacterial strains and the synthesis of 

disparate products [70]. This highlights the complex relationship between MF and microbial 

responses. It also emphasizes the need for a deeper understanding of the underlying mechanisms. 

A number of studies have shown that MF can have a bactericidal effect on bacteria. For example, 

exposure of Gram-negative Escherichia coli to MF with a frequency of 50 Hz, an intensity between 2.7 

and 10 mT and an exposure duration ranging from 0 and 12 minutes was shown to reduce the ability 
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of these bacteria to form colonies. Furthermore, the effect was found to be proportional to the increase 

in magnetic field intensity and exposure duration [71]. Similarly, when sulphate-reducing bacteria 

(SRB) on the surface of X80 steel were exposed to a perpendicular magnetic field, a decrease in 

bacterial population was observed with increasing field intensity. This method could prove 

advantageous for the protection of underground pipelines against stress corrosion cracking (SCC), 

as it curbs microbial activity and facilitates the development of a protective layer [72]. 

3.2.2. Effect of Magnetic Fields on Yeasts and Fungus 

Magnetic field (MF) application has demonstrated significant promise in enhancing the 

fermentation efficiency of Saccharomyces cerevisiae. For example, Sincak et al. [73], demonstrated that 

exposure of cells to a moderate magnetic field with flux densities of 10 and 15 mT leads to 1–2 hours 

earlier uptake of glucose, oxygen and nitrogen as well as an increase in biomass yield by 40-73 and a 

general increase in metabolic activity. Nevertheless, this led to a reduction in total ethanol production 

in the range of 7–28%. In addition, Bubanja et al. [74] observed that a treatment of 33 mT magnetic 

field with frequencies between 10 and 50 Hz enhanced the anaerobic metabolism of Saccharomyces 

cerevisiae. The observed changes were reflected in a decrease in oxygen consumption and an increase 

in carbon dioxide production, indicating a transition to a more efficient anaerobic fermentation.  

According to another study by Deutmeyer et al. [75] on the fermentation kinetics of Saccharomyces 

cerevisiae, homogeneous MF has no significant effect on yeast cell growth, while non-homogeneous 

static MF led to an increase in peak ethanol concentration. Conversely, Kobayashi et al. [76] reported 

that exposure of two Saccharomyces cerevisiae strains to a static magnetic field of 8 T significantly 

inhibited their growth, resulting in a reduction of 19% and 12% after 24 hours of cultivation. When a 

field of about 4 T was applied to a third strain, its growth was reduced by about 10%. Magnetic field 

(MF) application has exhibited substantial promise in enhancing the biosynthetic capacity of fungi 

for the production of various bioproducts within the food industry. For example, exposure of the 

filamentous fungus Aspergillus oryzae to a radiofrequency electromagnetic field (2 GHz, 10 minutes) 

was shown to increase total protein concentration and alpha-amylase activity by 1.5- to 3-fold 

compared to control samples. In addition, exposure to a 0.4 mT magnetic field increased the synthesis 

of yellow and red pigments in Monascus purpureus, with maximum yields 65.4% and 59.2% higher 

than in the control group [77]. Furthermore, David et al. [78] reported a modest 6% increase in cell 

proliferation and a 30% stimulation in lipase production in Yarrowia lipolytica when subjected to a 

magnetic field intensity of 9.0 kA/m. 

Beyond these specific examples, MF technology proves to be a promising approach to improve 

the fermentation process of rare edible fungi, such as Grifola frondosa, Hericium erinaceus, Phellinus 

igniarius, Cordyceps militaris, Ganoderma lucidum and Antrodia cinnamomea. The ability of MF to 

enhance mycelial production and synthesis of beneficial products makes this technology a valuable 

tool for optimizing fermentation processes involving these valuable fungal species [9]. For instance, 

Guo et al. [79] found that the application of a low-intensity oscillating magnetic field (35G) during 

submerged fermentation of Grifola frondosa led to an increase in mycelium biomass and 

polysaccharide yield. 

3.2.3. Effect of Magnetic Fields on Microalgae 

Enhanced Biomass Concentration and Product Yield 

Deamici et al. [80] demonstrated that applying magnetic fields in microalgae cultures can 

significantly increase the accumulation of biomass and the yield of product output. A magnetic field 

of 5 Gauss (500 µT) applied to Chlorella vulgaris showed remarkable effects, increasing overall growth 

with a moderate but significant impact on protein and beta-carotene production [81]. In line with 

these findings, Bauer et al. [82] observed that a magnetic field with an intensity of 60 mT applied 

daily for one hour increased the biomass of Chlorella kessleri by 83.2% while promoting lipid, 

chlorophyll and carotenoid synthesis. In addition, magnetic field exposure has been shown to 
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enhance the efficiency of oxygen production by microalgae and accelerate bacterial growth and 

pollutant degradation in symbiotic algae-bacteria systems [83]. 

Similarly, a study by Li et al. [84] showed that magnetic field interventions can affect 

intracellular carbon allocation during protein synthesis in Chlorella pyrenoidosa, resulting in a 23.4 % 

decrease in lipid synthesis, a 19.7 % decrease in carbohydrate synthesis and a 44.3 % increase in 

protein production. 

Variable Effects Based on Growth Environment 

The effects of MF on the growth and metabolism of microalgae depend on environmental 

conditions and culture method [67]. The effects of temperature and cultivation techniques (batch 

versus semi-continuous) on biomass production and nutrient removal in starch wastewater were 

investigated by Huo et al. [85] using Tribonema sp and a low intensity magnetic field (MF). The 

application of the magnetic field resulted in a remarkable algal growth improvement, particularly in 

the final stages of the logarithmic phase in batch cultures, with the effects being more pronounced at 

lower temperatures. At 30° C, the biomass of the batch culture reached 4.44 g/L, an increase of 15.0% 

compared to the control. It was also found that the application of a magnetic field (MF) increased the 

oil content of Tribonema sp. especially in batch cultures. 

In a semi-continuous culture under MF, the biomass of Tribonema sp. reached 18.45 g/L after 25 

days. Reducing the hydraulic retention time to one day resulted in improved nutrient removal 

efficiency, with an average reduction of more than 90% for key parameters such as ammonium 

nitrogen, total nitrogen, COD and total phosphorus. The findings of Huo et al. [85] emphasized the 

potential of Tribonema sp. in semi-continuous culture for wastewater treatment and biomass 

production and highlighted the potential use of magnetic field (MF) technology to improve 

productivity under controlled conditions. A weak magnetic field (MF) in outdoor semi-continuous 

cultivation of filamentous algae Tribonema sp. effectively increased biomass yield and oil production, 

except under winter conditions [67]. The biomass concentration and oil yield of Tribonema sp. at 130 

mT increased during summer by 9.8 % and 35.8 %, respectively. 

4. Effect of cold Atmospheric Plasma on Fermentation 

4.1. Fundamental Aspects of Cold Atmospheric Plasma (CAP) 

The partially ionized gas state, known as CAP or non-thermal plasma, consists of ions, electrons 

and electrically neutral particles such as atoms, molecules and radicals. According to Bai et al. [86], it 

is characterized by its low temperature, which is typically below 40° C and almost room temperature. 

In the laboratory, CAP is produced using a variety of techniques, such as corona discharge, plasma 

jet, and dielectric barrier discharge (DBD). CAP can be generated using a diversity of gases, including 

argon, helium, oxygen, nitrogen, and air, or their combinations. 

These gases are exposed to various forms of energy, e.g. electrical or magnetic fields, to produce 

a plasma enriched in ions as well as in reactive oxygen species (ROS) and reactive nitrogen species 

(RNS) such as O3, HO-, O2, NO, N2O. Due to its versatility, CAP is used in various industries, 

including the chemical process, electronic technology, medical and food industries [87]. 

4.2. Cold Atmospheric Plasma Combined with Fermentation 

The interdisciplinary approach of combining CAP with fermentation has numerous potential 

uses in a variety of industries, such as food technology, biotechnology, and medicine. When CAP is 

used in fermentation, a biological process in which organic compounds are transformed by 

microorganisms such as bacteria, yeasts or fungi, a number of effects can be observed. 

Firstly, CAP can be used to eliminate fermentation inhibitors and thus improve the quality of 

the fermentation process. For example, Lin et al. [88] successfully demonstrated the removal of toxic 

compounds (45% acetic acid, 31% formic acid, 80% hydroxymethylfurfural and 100% furfural) from 
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acidic sugarcane bagasse hydrolysate using CAP. The detoxified hydrolysate was then used as a 

nutrient source for the production of bioethanol with Kluyveromyces marxianus. After the introduction 

of optimal CAP conditions (200 W power for 25 minutes), a notable bioethanol productivity increase 

from 0.25 to 0.65 g/L/h was observed. 

An additional advantage of CAP is the improved tolerance to aldehyde inhibitors and the 

fermentability of cellulose-derived bioethanol for the Zymomonas mobilis ZM4 chassis. Compared to 

the control, a 51.31% increase in bioethanol accumulation was observed after 24 hours in Z. mobilis 

pretreated with cold plasma (20 seconds, 140 W and 165 Pa) [14]. In addition, CAP enables the 

inactivation and decontamination of microbial cells by generating reactive species and UV photons 

that can degrade microbial cells and deactivate microorganisms [89]. This can be beneficial for 

fermentation processes as it enables the control of undesirable microbial proliferation and improves 

the quality of the final product. 

Recently, CAP has been used to preserve red wine instead of traditional preservation methods 

[90]. The combined method (cold plasma with 30 mg/L potassium metabisulphite) showed less 

pronounced color changes and better preservation of phenolic compounds and antioxidant activity 

compared to methods using potassium metabisulphite or a helium-nitrogen mixture [91]. Regarding 

biological purity, the samples treated with CAP showed a decrease in the number of microorganisms. 

After a period of three months, the total content of microorganisms in the samples treated with the 

combined method was significantly lower than in the non-preserved ones [90]. In addition, CAP and 

related technologies are being investigated for the purpose of microbial and enzymatic inactivation 

in food and offer a novel approach for the degradation of aflatoxins in food matrices [92,93]. For 

example, Zhao et al. [94] have proved the effectiveness of dielectric barrier discharge (DBD) plasma 

technology in inactivating Pichia manshurica, a yeast responsible for spoilage of fermented foods, 

especially fermented vegetables. DBD with a voltage of 80 kV, a frequency of 50 Hz and an exposure 

time of 3 minutes reduced biofilm formation by 39% and yeast survival by 35% compared to other 

alternative treatments. Transcriptome profiling showed that DBD primarily affects pathways related 

to DNA synthesis and metabolism, disrupts cell adhesion and stimulates the oxidative stress 

response of P. manshurica, ultimately leading to biofilm degradation. The presence of acids, alcohols 

and reactive radical species has been shown to exacerbate oxidative stress in yeast, leading to an 

enhanced redox reaction [95]. This reaction is likely triggered by reactive oxygen species (ROS) and 

reactive nitrogen species (RNS) generated by the cold plasma of DBD [96,97]. The observed 

transcriptional changes suggest that P. manshurica actively deploys defense mechanisms in response 

to DBD-induced stress. Although this technology has achieved a 5 log CFU/mL reduction in P. 

manshurica viability [72], it has often proven insufficient to completely inhibit biofilm formation. 

According to Mahmoud et al. [98], longer exposure of samples to CAP enhanced the antimicrobial 

activity. The produced reactive radicals resulted in lipid peroxidation, enzyme inactivation, and 

DNA degradation, which ultimately inactivated the microorganisms [99]. Different mechanisms of 

microbial inactivation by cold plasma are suggested (Figure 1). 
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Figure 1. Basic mechanism of microbial inactivation by cold plasma treatment. Adopted from [100,101]. 

It remains to be supposed that the CAP effect on microbiological development is closely 

depending on the growing conditions. Sometimes, the activity of beneficial microbes can be 

promoted by CAP, resulting in higher production or better quality of products during fermentation. 

Depending on the plasma conditions, different modes of action are assumed in the literature (Table 

3). It was shown that plasma agitation in Saccharomyces cerevisiae can rapidly lead to positive 

metabolic changes after a short duration treatment [102]. These induced changes increased metabolic 

activity, which in turn enabled faster and more effective conversion of glucose to ethanol and higher 

yields of secondary metabolites (ethanol, acetic acid and glycerol). Another study published by Zhou 

et al. [103] showed that CAP (1.7 MHz, 2-6 kV) acts as a multifunctional agent to induce 

environmental stress on Saccharomyces cerevisiae cells by generating reactive species. 

Table 3. An overview of research on the application of cold atmospheric plasma to microbial fermentation. 

Microorganis

m 

Plasma type and 

conditions 

Obtained plasma 

effect  
Mechanism Reference 

Saccharomyce

s cerevisiae 

 

A high-frequency (1.7 

MHz, 2–6 kV) plasma 

jet,   Argon gas at 5 

standard liters per 

minute, 65 W of 

electric power, 

Distance between 

samples and the jet 

nozzle 7 mm, 

Treatment duration (3 

or 10 min) 

 

Faster growth of 

treated yeast, 

Improved 

production of 

secondary 

metabolites 

(ethanol, acetic 

acid, and glycerol) 

The membrane 

permeability was 

improved by ROS and 

UV, Modulation of 

metabolic pathways in 

yeast cells, Increased 

hexokinase 2, 

glyceraldehyde-3-

phosphate 

dehydrogenase activity, 

Stimulation of glycolytic 

flux by NAD+ 

regeneration and ethanol 

production 

[102] 
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Saccharomyce

s cerevisiae + 

Prussian blue 

analogues 

(PBAs) 

nanoparticles 

(NPs) 

A high-frequency (1.7 

MHz, 2–6 kV) plasma 

jet, Argon gas at 5 

standard liters per 

minute, Distance 

between the jet nozzle 

and yeast colonies( 7 

mm) 

Incerease of cells 

absorption nad 

ethanol production 

Enhanced cell 

permeability. Moderate 

plasma agitation induces 

enhancing cells' stress 

tolerance during 

fermentation, speeding 

nutrient uptake like 

glucose, and boosting 

enzyme activity in 

metabolic pathways. 

[103] 

Saccharomyce

s cerevisiae 

 

Atmospheric DBD 

plasma 29V power 

supply 0.65A power 

current 3mm discharge 

gap between upper 

electrode and cell 

sample surface 

Exposure times: 1, 2, 3, 

4, and 5 min 

Modification of 

cofactor 

metabolism (ATP 

and NADH). 

Plasma membrane 

alteration Increased 

cytosolic Ca2+  in 

plasma-treated cells 

enhances microbial 

activity 

The reactive species of 

plasma affect cell 

membrane potential and 

activate Ca2+ channels, 

leading to increased 

cytoplasmic calcium 

levels. Calcium 

supplementation boosts 

ATPase activity for 

proton motive force. 

Decreased ATP levels 

upregulate glycolytic 

enzymes, increasing 

NADH. Elevated NADH 

enhances ADH activity, 

promoting ethanol 

production. 

[104] 

Streptomyces 

avermitilis 

 

Plasma jet at 

atmospheric pressure, 

feed gas (pure 

helium ), RF input 

power:  120 W, The 

plasma torch nozzle 

outlet and the sample 

plate were separated 

by 2 mm, the plasma 

jet temperature was 

<40°C 

isignificant total 

(over 30%) and 

positive 

(approximately 

21%) mutation 

rates, yielding a 

genetically stable 

strain G1-1 with 

high avermectin 

B1a productivity, 

thereby improving 

avermectin 

fermentation 

efficiency 

The plasma treatment of 

the spores probably 

resulted in the metabolic 

network of the G1-1 

mutant being completely 

altered or to develop 

several genetic mutation 

sites being created. 

[105] 

Klebsiella 

pneumoniae 

 

Atmospheric DBD 

plasma in air at 

atmospheric pressure, 

24kV, 20kHz, 

Discharge gap: 3mm 

between upper 

electrode and sample 

suspension surface 

Kp-M2 produced 

1,3-propanediol at 

higher 

concentrations than 

wild type in batch 

(19.9 vs 16.2 g/L) 

and fed-batch (76.7 

vs 49.2 g/L) ---

fermentations. 

the enhanced production 

of 1,3-PD seen in Kp-M2 

could be viewed as a 

mutation. 

[106] 

These reactive species enhance the cellular uptake of the Prussian blue analogue nanoparticles 

FeCo-PBA. At the same time, the FeCo-PBA nanoparticles protect the cells from oxidative stress 
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caused by both the plasma and the fermentation process. The obtained synergy between the plasma 

and the nanoparticles leads to an enhancement in the yield of secondary metabolism, particularly in 

the production of energy and ethanol. 

Likewise, Dong et al. [107] successfully increased the ethanol yield in the fermentation of 

Saccharomyces cerevisiae through optimized CAP treatment. Based on the response surface method, 

they determined the optimal conditions by monitoring three key parameters: the volume of the 

sample cell, the electrical supply rate and the duration of plasma exposure. The model with the three 

optimized parameters (one minute exposure time, 26 V electric feed rate and 9 mL volume of the 

sample cell) predicted a maximum theoretical ethanol yield of 0.49 g/g, which was in close agreement 

with the experimental yield of 0.48 g/g. This model can be used to validate the actual ethanol 

fermentation process and as a reference for modifying the experimental parameters of CAP to 

increase the ethanol yield. Another study was conducted by Dong et al. [104] investigating the 

possible mechanism of the effects of CAP on the cofactor metabolism of Saccharomyces cerevisiae 

revealed that the increase in plasma membrane potential is the primary mechanism by which the 

plasma induces changes in cofactor content. This in turn leads to an increase in cytosolic 

concentrations of free Ca²⁺ in the cells, thereby increasing microbial productivity. 

Dong et al. [106] provided the first evidence of the long-term mechanism of CAP-generated 

reactive oxygen and nitrogen species, leading to an increase in the ability of Saccharomyces cerevisiae 

to produce ethanol. During the treatment course, CAP was able to activate the Yvc1p channels 

opening in the vacuolar membrane and Cch1p/Mid1p channels in the plasma membrane, thereby 

increasing the concentration of cytoplasmic calcium for Saccharomyces cerevisiae. In addition, this 

activation led to an increase in the expression of H+-ATPase, which facilitated the degradation of 

ATP and the production of NADH. Compared to the control group, the increase in ATP hydrolysis 

led to a five-fold increase in NADH. As a result, both biomass production and ethanol yield increased; 

in particular, bioethanol yield increased by 34.2% compared to the control group. These results 

illustrate the potential of CAP as a bioprocess intensification technology that can increase the yield 

of target products in microbial systems [106]. 

An innovative mutation method for Streptomyces avermitilis was performed using CAP [105]. The 

main objective of the study was to determine whether the use of CAP can increase the efficiency of 

avermectin fermentation. The results showed that plasma had a pronounced mutagenic effect on S. 

avermitilis, resulting in mutation rates of over 30% and a positive mutation rate of about 21%. It was 

recorded that plasma treatment resulted in remarkable lethality rates, leading to high mutation 

frequencies and a spectrum of mutants with different morphologies and productivities compared to 

the wild-type S. avermitilis strain. The mutant strain G1-1 produced almost 2-fold higher B1 

avermectin contents relative to the wild-type. 

Moreover, a novel technique using dielectric barrier plasma (DBD) was also used to increase the 

production of 1,3-propanediol (1,3-PD) in Klebsiella pneumoniae [106]. The DBD plasma enabled the 

generation of a stable K. pneumoniae strain, called Kp-M2, with increased 1,3-PD production. The Kp-

M2 showed superior performance relative to the wild-type strain in both batch fermentation and feed 

fermentation, reaching a final concentration of 1,3-PD. In addition, the possible DBD effects on the 

anaerobic fermentation of cyanobacteria was investigated in order to increase the short-chain fatty 

acid (SCFA) production and regulating microcystin content [8]. The results showed that the 

application of DBD (voltage = 15 kV, frequency = 16 kHz, duration = 30 min) led to an increased 

proportion of acetic acid during anaerobic fermentation of cyanobacteria, accompanied by an 

increased yield of saturated fatty acids. In particular, the maximum accumulation of acetic acid and 

SCFA was observed in the DBD-treated group. The concentrations were 1.49 and 3.30 times higher 

than in the control group. It is likely that the hydrolysis and acidification process was favored by an 

increase in the abundance of Bacteroidetes, Firmicutes and Chloroflexi and a decrease in the 

abundance of Proteobacteria in the DBD-treated group. In addition, the increased level of acetic acid 

could be due to the decrease of Methanosaeta sp. and Methanosarcina sp. in the DBD-treated group. In 

addition, DBD pretreatment showed increased degradation of microcystin-LR, which may involve 
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superoxide, hydroxyl and microbial entities. In conclusion, DBD treatment is an effective method to 

remove carbon resources from cyanobacteria. 

5. Conclusions 

In this review, we have analyzed the impact of three innovative, non-destructive physical 

methods-pulsed electric fields (PEF), magnetic fields (MF) and cold atmospheric plasma (CAP) on 

microbial fermentation processes. Each technique has unique advantages and limitations and offers 

different opportunities to optimize fermentation dynamics, enhance metabolite synthesis and 

improve product quality. PEF is characterized by its ability to accelerate microbial growth and 

metabolic activity while maintaining product integrity, but requires significant energy input and 

precise calibration. MF is promising when it comes to modulate microbial kinetics without thermal 

damage, although its applications is less explored compared to PEF. CAP is characterized by 

antimicrobial efficacy and environmental sustainability, making it ideal for pathogen control, but its 

complexity and potential impact on sensitive substances require further investigation. Taken 

together, these techniques showed significant potential to improve fermentation efficiency and 

product quality. Future research should focus on overcoming the barriers to scaling up these methods 

for wider industrial applications to ensure their practical applicability in the microbial industry. 
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