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In the present work, Listeria monocytogenes was used as the target strain to investigate 

the sterilising potential and mechanism of high power pulse microwave (HPPM). Results 

showed that the inactivation was positively correlated with the pulse frequencies and 

operating times. The count of Listeria monocytogenes was decreased by 5.09 log CFU/mL 

under 200 Hz for 9 min, which was used as the optimised condition to further explore the 

sterilisation mechanism. Scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) images showed that the L. monocytogenes cells of untreated group 

presented intact surfaces, clear boundary, and its intracellular contents distributed 

uniformly in the cytoplasm. Following treatment, the cell wall surfaces began to deform 

in small areas, and cell membranes were severely ruptured, thus resulting in the appearance 

of electron transmission areas. Extracellular protein and nucleic acid contents, represented 

by OD260 nm and OD280 nm, increased with the increase in operating time significantly. After 

treatment, SDS-PAGE profiles of whole-cell proteins displayed that the protein bands 

became lighter or even disappeared. Na+ K+-ATPase activities and intracellular ATP 

content decreased by 72.97 and 79.09%, respectively. This was consistent with the cell 

viability of L. monocytogenes observed by confocal laser scanning microscopy. Overall, 

the sterilisation mechanism of HPPM on L. monocytogenes may be caused by membrane 

damage, intracellular component leakage, and energy metabolism hindrance. 
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Introduction 

 

Listeria monocytogenes is a Gram-positive, 

rod-shaped bacterium, and recognised as one of the 

globally widespread life-threatening foodborne 

pathogens (Qian et al., 2020). This bacterial pathogen 

causes listeriosis, which is represented by 

septicaemia, meningitis, miscarriage, and stillbirth, 

with the highest case fatality rate recorded in the 

European Union (Cabanes et al., 2002; Kannan et al., 

2020; EFSA and ECDC, 2020). L. monocytogenes is 

ubiquitous in nature, and can survive throughout food 

processing in meat, vegetables, fish, as well as dairy 

products (Duze et al., 2021). This bacterial pathogen 

is highly tolerant to stressful conditions including low 

pH, high salt concentration, and refrigeration 

temperature (0 - 4°C) (Lebow et al., 2017; Govaert et 

al., 2018; Boucher et al., 2021). The consumption of 

contaminated foods causes foodborne illnesses, and 

an increase in the incidence of foodborne illnesses is 

a major public health problem (Bogino et al., 2013). 

To date, it is still a challenge to inactivate L. 

monocytogenes in food products. 

Thermal processing is usually used to 

pasteurise foodborne pathogens in the food industry. 

However, it may achieve incomplete 

decontamination, and cause loss of nutrition value, 

thus becoming a less popular technology (Alves Filho 

et al., 2020). These limitations in thermal processing 

are driving the search for new alternatives (Machado-

Moreira et al., 2021). Nowadays, non-thermal 

techniques such as ultra-high pressure (UHP), low 

temperature plasma (LTP), high intensity pulse 

magnetic field (PMF), high intensity pulse electric 

field (PEF), or irradiation can potentially be used as 

alternatives to the conventional heating (Aronsson et 

al., 2005; Maktabi et al., 2011). It is, therefore, 

imperative for the non-thermal processing to have 
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similar or higher inactivation efficiency as compared 

to thermal processing (Gupta and Abu-Ghannam, 

2012). The reactive radicals generated by irradiation 

result in improved food shelf-life, but they can also 

react with chemical components and generate 

radiolytic products such as formaldehyde and short 

chain hydrocarbons (Ravindran and Jaiswal, 2017). 

The limitation of low temperature plasma processing 

is mainly the increase in lipid oxidation, thus causing 

a huge impact on the sensory characteristics of foods 

(Muhammad et al., 2018). For general consumer, 

irradiation and low temperature plasma are 

considered as immature method of food processing 

(Ravindran and Jaiswal, 2019). Due to the pressure 

generated by the ultra-high pressure processing, foods 

and their packaging’s are prone to deformation 

(Delincée, 1998; Ma et al., 2017). Pulse applied with 

PEF is for a short period (1~100 μs), and without heat 

generation (Varalakshmi, 2021). PEF cannot be 

applied to foods that cannot withstand high fields and 

form bubbles (Gupta and Abu-Ghannam, 2012).  

A growing body of literature has recognised 

the non-thermal effect of pulsed microwave on 

bacterial systems (Rougier et al., 2014). It has been 

shown that pulsed microwave directly interacts with 

specific (polar) molecules, thus causing a variety of 

bioeffects, which further leads to failure of the 

intracellular oxidative defence machinery and DNA 

damage-mediated inactivation of bacterial cells 

(Kereya et al., 2018; Shaw et al., 2021). High power 

pulse microwave (HPPM) has been developed as an 

innovative non-thermal technology which offers 

many advantages over other processing technology. 

HPPM can generate short and high frequency pulse 

microwave, which is one of electromagnetic waves, 

with frequencies ranging from 300 MHz to 300 GHz. 

As one of non-thermal physical technologies, HPPM 

has gained more attention due to the easy handling 

after decontamination, and better maintenance of 

food texture and nutrients. HPPM has been 

extensively studied in military and medical fields, 

such as the effects of repeated exposure on cancer 

incidence and biological effects (de Seze et al., 2020). 

However, the sterilisation mechanism of HPPM is not 

entirely clear, which is a challenge for future 

research.  

The aim of the present work was, therefore, to 

investigate the sterilisation mechanism of HPPM on 

L. monocytogenes from ultrastructural morphology, 

cell membrane permeability, and energy metabolism. 

  

Materials and methods 

 

Strain suspension preparation 

Listeria monocytogenes 21532 was supplied by 

China Center of Industrial Culture Collection 

(CICC), and preserved as a stock culture in the Food 

Bioengineering Laboratory, Institute of Farm Product 

Processing, Jiangsu Academy of Agricultural 

Sciences. The strain was recovered on Brain Heart 

Infusion (BHI; Solarbio, China) medium at 37°C for 

24 h, and a single colony was collected. Prior to each 

experiment, the strain was revived twice in 50 mL of 

BHI by successively culturing at 37°C for 24 h 

(Bansal et al., 2021). L. monocytogenes cells were 

collected by centrifuging at 3,000 g for 10 min at 4°C. 

The concentration of strain suspension was adjusted 

to 1 × 108 CFU/mL with BHI medium. 

 

High power pulse microwave equipment 

High power pulse microwave equipment was 

designed and manufactured by Food Bioengineering 

Laboratory, Jiangsu Academy of Agricultural 

Sciences and Nanjing Chongdian Co., Ltd. (Crewson 

et al., 2001; Juengst et al., 2002). It consisted of pulse 

microwave generator and treatment chamber (Figure 

1). The parameters of HPPM equipment were as 

follows: voltage, 380 V; peak power, 750 kW; pulse 

voltage, 25 kV; peak frequency, 3 GHz; and pulse 

duration, 1.5 μs. The alternating current (AC) was 

firstly converted into direct current (DC) by the 

converter in the generator. DC current raised the pulse 

voltage to 25 kV through a transformer. The 3 GHz 

pulse microwaves, generated by 25 kV of pulse 

voltage and the magnetron, were imported to the 

treatment chamber. The pulse frequency of HPPM is 

the number of pulses per second (Hz) during the 

treatment, with the next pulse beginning after the 

current pulse end. 

 

Optimisation of sterilisation parameters 

Firstly, 5 mL strain suspension of L. 

monocytogenes samples, added in a 10 mL 

polytetrafluoroethylene tube, were treated by HPPM. 

The samples were treated by HPPM under different 

pulse frequencies (50, 100, 150, 200, and 250 Hz, 

respectively), and operating times (3, 5, 7, 9, and 11 

min, respectively). Three replicates were performed 

for each treatment condition.  

To investigate the sterilisation ability of HPPM 

on L. monocytogenes, plate counting method was 
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Figure 1. Schematic of high power pulse microwave (HPPM) equipment. Alternating current (AC) was 

first converted into direct current (DC) by the converter in the generator. DC current then raised the 

pulse voltage to 25 kV through a transformer. The 3 GHz pulse microwaves, generated by 25 kV of 

pulse voltage and the magnetron, were then imported to the treatment chamber.  

 

used to determine the number of surviving cells of 

treated and untreated groups (Xu et al., 2019). 

Briefly, treated and untreated bacterial suspensions 

were 10-fold serially diluted in 0.85% (w/v) sterile 

saline solution. Next, 1 mL of the sample was plated 

onto BHI agar medium. All of the plates were 

incubated at 37°C for 24 h. The mortality was 

expressed as log (N0/N) which indicated the 

sterilising effect of HPPM treatment. N and N0 are 

the numbers of surviving cells of HPPM treated and 

untreated group, respectively (CFU/mL) (Tao et al., 

2014). 

 

Scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) analyses 

Samples of L. monocytogenes were centrifuged 

at 3,000 g for 10 min under 4°C to get the pellets. The 

cells were washed twice with 0.85% sterile saline, 

and fixed with 2.5% glutaraldehyde solution for 4 h. 

After washing, L. monocytogenes was further fixed 

with 1% osmium tetroxide (OsO4) for 2 h, and washed 

three times with 0.1 M phosphate buffers solution 

(PBS; pH 7.0). The pellets were dehydrated 

successively with 30, 50, 70, 80, and 90% ethanol 

once, and 100% ethanol twice for 15 min. Samples 

was freeze-dried and sputtered with platinum for 4 

min. The morphology of the L. monocytogenes cells 

was observed and photographed with a scanning 

electron microscope S-3000N (Hitachi, Ltd., Tokyo, 

Japan) (Fancello et al., 2020). For TEM 

investigations, the pellets were dehydrated 

successively, transferred to absolute acetone, 

embedded in Epon812 epoxy resin for 4 h at 25°C, 

and polymerised for 24 h in an oven at 65°C. The 

specimens were sectioned in Leica EM UC7 

ultramicrotome (Leica Biosystems, Nussloch, 

Germany), stained with uranyl acetate and alkaline 

lead citrate for 5~10 min, and visualised on Hitachi 

Science and Technology H-7650 transmission 

electron microscope (Hitachi, Ltd., Tokyo, Japan) 

(Lv et al., 2018). 

 

Determination of cell membrane permeability and 

whole-cell protein analysis 

The extracellular contents of nucleic acids and 

proteins of L. monocytogenes were detected by 

measuring the UV absorption at 260 and 280 nm, 

respectively (Aronsson et al., 2005; Efenberger-

Szmechtyk et al., 2021). The absorption peak of the 

conjugated double bond, existing in tyrosine and 

tryptophan residues of protein is at 280 nm, and the 

absorption peak of purines, pyrimidines, nucleosides, 

and nucleotides in nucleic acids is at 260 nm (Tao et 

al., 2014). At the same time, the extracellular protein 



1171                   Zhang, Y. X., et al./IFRJ 29(5): 1168 - 1178                                       
 

contents were also determined using a bicinchoninic 

acid (BCA) protein assay kit (Beyotime 

Bioengineering Institute, Shanghai, China) (Kang et 

al., 2020). Briefly, 10 mL of each replicate were 

centrifuged at 10,000 g for 10 min at 4°C. The 

supernatant was obtained and measured at 

wavelengths of 280 and 260 nm by 

spectrophotometer. The measurements were 

corrected with the absorbance of the 0.85% sterile 

saline solution. 

The whole-cell protein contents were 

determined using a bicinchoninic acid (BCA) protein 

assay kit (Beyotime Bioengineering Institute, 

Shanghai, China), and analysed by sodium dodecyl 

sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE). SDS-PAGE was based on the previous 

method with some modifications (Kang et al., 2020). 

The protein samples were mixed with the 5× protein 

loading dye in a ratio of 1:4. After boiling for 15 min, 

the mixtures were cooled on ice, and then centrifuged. 

For whole-cell proteins analysis, electrophoresis was 

carried out using 5% stacking and 12% resolving gels. 

The gels were stained with Coomassie brilliant blue 

R-250, and photographed under the automatic digital 

gel image analysis system (Tanon-3500R, Shanghai, 

China). 

 

Determination of ATP content and ATPase activity  

Treated and untreated bacterial suspensions 

were collected by centrifugation (3,000 g, 4°C, 10 

min), and washed three times with prechilled PBS 

buffer. The cells were lysed using the lysis buffer 

associated with the enhanced ATP assay kit, S0027 

(Beyotime Biotechnology, Shanghai, China). The 

ATP content and Na+ K+-ATPase activity of L. 

monocytogenes cells was assayed using an enhanced 

ATP and ATPase assay kit (Jiancheng 

Bioengineering Institute, Nanjing, China) following 

the manufacturer's instructions, respectively (Zhou et 

al., 2016; Lin et al., 2019a). The ATP content and Na+ 

K+-ATPase activity were expressed as nmol/L and 

U/mgprot, respectively.  

 

Determination of cell viability  

The cell viability was determined using a 

LIVE/DEAD Bacterial Staining Kit (BBcellProbe® 

N01/PI, BestBio), and observed by confocal laser 

scanning microscopy (CLSM) (Ren et al., 2020). 

There were two fluorescent probe stains (N01: 

excitation wavelength at 488 nm and emission 

wavelength at 500 nm; PI: excitation wavelength at 

561 nm and emission wavelength at 617 nm) in the 

kit. After centrifugation, the fluorescent probe stains 

(N01 and PI) were added onto L. monocytogenes, and 

kept at room temperature in the dark for 30 min. Then 

probe-loaded cells were washed three times with 

0.85% saline solution, and photographed under the 

Ultra ViewVoX spinning-disk confocal microscope 

(Perkin Elmer, Waltham Mass, USA) (Liu et al., 

2020). 

 

Statistical analysis 

All experiments were carried out in triplicates, 

and the results expressed as means ± standard 

deviations. SPSS 13.0 software (Chicago, IL, USA) 

was applied for the statistical analysis, and one-way 

analysis of variance (ANOVA) was used to express 

the significance of differences (p < 0.05). 

 

Results and discussion 

 

Sterilisation activity of HPPM 

L. monocytogenes were treated by HPPM for 7 

min with the pulse frequencies ranging from 50 to 250 

Hz. The mortality of L. monocytogenes increased 

with increasing pulse frequencies of HPPM (Figure 

2A). When the frequencies were below 100 Hz, the 

sterilisation effect was not obvious. With the further 

increase of pulse frequencies up to 150, 200, and 250 

Hz, the mortality was 2.39, 3.27, and 4.30, 

respectively. When the frequency was 200 Hz, the 

temperature of the bacterial suspension increased to 

about 38.6 ± 1.0°C (Fox et al., 2008). Combined with 

the cumulative effect of HPPM, the temperature of 

the bacterial suspension increased significantly at 250 

Hz with 56.5 ± 1.0°C. To avoid the influence of 

thermal effect, the pulse frequencies of high power 

pulse microwave was selected as 200 Hz. 

Figure 2B shows the sterilisation effect of 

different operating time on L. monocytogenes. The 

mortality increased with increasing operating times. 

When compared with the untreated group, the count 

of L. monocytogenes decreased by 0.59 log CFU/mL 

when the operating time was 3 min. When the 

operating time changed from 7 to 9 min, the mortality 

significantly increased by 1.54 times. When the 

operating time was 7, 9, and 11 min, the mortality was 

3.31, 5.09, and 5.56, respectively. After treatment 

(200 Hz, 9 min), the temperature increased by 15.8 ± 

0.65°C when compared with the initial temperature 

(25°C). It has been shown that the temperature has no 

influence in L. monocytogenes cells (McKenzie et al., 
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2014). Considering the energy consumption and 

thermal effect, the pulse frequencies of 200 Hz and 

operating time of 9 min were selected to explore the 

sterilisation mechanism of HPPM on L. 

monocytogenes. 

 

 
(a) 

 
(b) 

Figure 2. Sterilisation activity and temperature 

changes of HPPM treatment with different pulse 

frequencies (a) and operating times (b) on L. 

monocytogenes. 

Cell morphology observation 

Scanning electron microscopy is mainly used 

to evaluate the morphology of bacteria cells. As 

shown in Figure 3, the L. monocytogenes cells of 

untreated group presented plump and smooth 

surfaces, thus indicating vigorous growth. After 

treatment, the membrane of L. monocytogenes 

experienced depression and roughness. It was 

inferred that electromagnetic waves affected the 

morphology of bacteria, thus causing severe 

morphological changes (Boudjema et al., 2019). 

TEM was carried out to directly observe 

membrane damage and intracellular structural 

changes induced in L. monocytogenes upon exposure 

to HPPM. The brightness of the image is related to 

the density of substances that the electrons pass 

through (Chai et al., 2021). Electrons were scattered 

by dense objects strongly, shown as dark areas, 

whereas electrons can pass through thin objects 

directly, shown as bright areas (electron transmission 

areas) (Wang et al., 2019). As shown in Figure 4, the 

L. monocytogenes cells of untreated group presented 

intact surfaces, clear boundary, and their intracellular 

contents distributed uniformly in the cytoplasm. After 

treatment, the cell wall surfaces began to deform in 

small areas, and cell membranes were severely 

ruptured, thus resulting in the appearance of electron 

transmission areas. It was inferred that the high 

energy of HPPM might have damaged the cell 

membranes, thus leading to the outflow of 

intracellular components (e. g. proteins, nucleic acid) 

(Yoon et al., 2021). In addition, the dense objects in 

treated cells were assumed to be condensed DNA and 

denatured proteins of L. monocytogenes (Wang et al., 

2015). 

 

 

 
Figure 3. Scanning electron microscopy images of L. monocytogenes with HPPM treatment. 
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Figure 4. Transmission electron microscopy images of L. monocytogenes with HPPM treatment. 

 

 

Change in cell membrane permeability and whole-

cell protein analysis 

The leakage of intracellular components can 

reflect the damage degree of cell membrane (Lin et 

al., 2019b). As shown in Figure 5A, the absorbance 

values at 260 and 280 nm gradually increased with 

increasing operating times. This indicated that HPPM 

could cause the increase of extracellular protein and 

nucleic acid contents, as well as the leakage of 

intracellular components. The absorbance values at 

260 nm increased by 1.2, 3.14, 3.34, 3.98, and 4.6 

times with 3, 5, 7, 9, and 11 min, respectively. The 

absorbance values at 280 nm increased by 1.25, 1.75, 

2.65, 2.75 and 3.27 times with 3, 5, 7, 9, and 11 min, 

respectively. Similarly, the soluble protein content 

under 9 min was 0.081 mg/mL, which was 

significantly higher than the untreated group (0.025 

mg/mL). 

As shown in Figure 5B, SDS-PAGE profiles of 

whole cell proteins displayed the protein bands of 

untreated L. monocytogenes cells with strong 

intensities. After treatment (200 Hz, 9 min), the 

protein bands became lighter or even disappeared. 

This result was consistent with those mentioned 

earlier, thus indicating that HPPM could change cell 

membrane permeability and damage the membrane of 

L. monocytogenes, resulting in the leakage of 

intracellular components. 

 

 
(a) 

 
(b) 

Figure 5. Extracellular protein and nucleic acid from 

L. monocytogenes cells treated with different 

operating times (a); and SDS-PAGE profile of 

intracellular proteins of L. monocytogenes cells, the 

untreated groups are labelled 1, 2, and 3, while the 

treated groups are labelled 4, 5, and 6 (b). 
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Change in ATP concentration and ATPase activity 

As an important ion channels on the 

membrane, Na+ K+-ATPase play important roles in 

intercellular signalling, maintaining cell homeostasis, 

and synthesising ATP (Lin et al., 2019b). ATP 

participates as a high-energy molecule during many 

cellular metabolic processes (Filipic et al., 2012). As 

shown in Figure 6, the intracellular ATP 

concentration and activities of Na+ K+-ATPase of the 

treated group were 9.634 mmol/L and 0.597 

U/mgprot, respectively. When compared with the 

untreated group, intracellular ATP concentration and 

activities of Na+ K+-ATPase of the treated group 

decreased significantly by 79.09 and72.97%, 

respectively (p < 0.01). HPPM significantly reduced 

the intracellular ATP concentration and enzyme 

activity, which was vital for L. monocytogenes 

growth. It has been reported that electromagnetic 

wave may lead to the change or denaturation of 

ATPase, a globular protein whose catalytic activity 

relies on the native configuration of their active sites 

and the conformation of surrounding proteins (Ma et 

al., 2011). The possible reason could be deduced that  
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Figure 6. Effect of HPPM treatment on intracellular 

ATP concentration (a) and activity of Na+ K+-ATPase 

of L. monocytogenes (b). 

HPPM promoted the loss of intracellular ATP by 

causing cell membrane damage and affecting 

intracellular ATP synthesis or ATPase activity (Kang 

et al., 2018). 

 

Cell viability 

The viability of L. monocytogenes cells 

exposed to HPPM were analysed by CLSM. As 

shown in Figure 7, the L. monocytogenes cells of 

untreated group showed bright green fluorescence 

extensively. On the contrary, the L. monocytogenes 

cells of treated group showed sparse green 

fluorescence, but mainly red fluorescence. The 

viability of L. monocytogenes cells decreased by 

8.58%. This result was consistent with those 

mentioned earlier, thus indicating that HPPM could 

cause changes in membrane permeability, leading to 

cell lysis and death. 

 

Conclusion 

 

In the present work, the sterilising effect of 

high power pulse microwave on L. monocytogenes 

was studied through ultrastructural morphology, cell 

membrane permeability, and energy metabolism, and 

the sterilising effect was preliminarily confirmed. 

Future work could look at DNA damage and changes 

in virulence gene expression. Considering the energy 

cumulative effect of HPPM, the sterilisation 

parameters of pulse frequency and operating time 

were optimised to 200 Hz for 9 min. The count of L. 

monocytogenes was decreased by 5.09 log CFU/mL 

under the optimal condition. As shown in SEM and 

TEM images, untreated L. monocytogenes cells had 

intact surfaces, clear boundary, and the intracellular 

contents were uniformly distributed in the cytoplasm. 

Following treatment, the cell wall surfaces began to 

deform in small areas, and cell membranes severely 

ruptured, thus resulting in the appearance of electron 

transmission areas. The high energy of HPPM might 

have damaged the cell membranes and led to the 

outflow of intracellular components (e.g., proteins, 

nucleic acids). The release of intracellular 

macromolecules was one of the indicators of 

membrane integrity loss (Efenberger-Szmechtyk et 

al., 2021). The concentration of extracellular soluble 

proteins of the treated group was significantly high 

when compared with the untreated group. Similar 

trends was also observed from the changes of 

extracellular protein and nucleic acid contents, which 
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Figure 7. The viability of L. monocytogenes cells exposed to HPPM treatment as analysed by CLSM. 

The cells stained with fluorescent probe N01 are labelled green, while the cells stained with PI are 

labelled red. The untreated groups are labelled (a) and (c), while the treated groups are labelled (b) and 

(d). (a) and (b) are 2D images in colour mode, while (c) and (d) are 2D images in grey mode. 

 

were represented by OD260 nm and OD280 nm. The Na+ 

K+-ATPase activities and intracellular ATP content 

decreased by 72.97 and 79.09%, thus indicating that 

the energy metabolism of L. monocytogenes was 

hindered. Based on these results, it can be inferred 

that HPPM caused changes of membrane 

permeability and energy metabolism, thus leading to 

the release of macromolecules, cell lysis, and death. 
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