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The sterilization effect of plasma-based ion implantation 

on prokaryotic microorganisms 
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The Plasma-based ion implantation (PBII) method is capable of low-temperature and short-time 

sterilization. In this study, we investigated the sterilization effect of PBII treatment on Gram-positive 

and Gram-negative bacteria's vegetative cells. First, we examined the cell surface of Escherichia coli 

to clarify the effect of the different gas types on PBII. As a result of morphological change observed by 

scanning electron microscope, the surface of the cell on E. coli scraped and had many holes under the 

following conditions: O₂ atmosphere, 500 Hz frequency, 50 µs delay time,10 µs pulse width, −4 kV pulse 

voltage, 48 VA RF power, and a 10 min exposure time. It clarified that oxygen gas highly damaged 

vegetative cells more than the nitrogen gas treatment and the untreated. Second, we investigated PBII 

treatment's effect on Gram-positive and Gram-negative bacteria. The sterilization effect of E. coli and 

Staphylococcus aureus were obtained 6.1 D and 6.9 D, respectively, under the O₂ atmosphere and −4 

kV pulse voltage. Regardless of the differences in the cell wall structure, oxygen gas was able to sterilize 

prokaryotic vegetative cells effectively. 

Keywords – Escherichia coli, morphological change, Plasma-based ion implantation, 

Staphylococcus aureus, sterilization. 

Introduction 

In recent years, consumer demand for food safety 

and security has increased. Therefore, high-quality 

sterilization treatment is required.  

The purpose of sterilizing food is to kill the 

microorganisms that cause food poisoning. Currently, 

food sterilization methods are classified into thermal 

sterilization and non-thermal sterilization. Generally, 

foods are sterilized by heat sterilization, such as boiling 

and retort sterilization. Although heat sterilization can 

kill microorganisms that cause food poisoning, 

excessive heating degrades the quality of food products. 

On the other hand, non-thermal sterilization methods 

could sterilize without degrading food product quality. 

Therefore, in recent years, non-heat sterilization 

techniques have attracted much attention. We are 

focused on the plasma-based ion implantation (PBII) 

method. The PBII method has three characteristics: 

low-temperature, short-time sterilization, and three-

dimensional sample such as medical equipment, 

content, and food products [2 - 4].  

The PBII method could be a viable alternative to 

conventional heat sterilization. Therefore, we are 

conducting research on developing a new sterilizing 

apparatus.  

Among microorganisms, bacteria are classified into 

Gram-positive and Gram-negative bacteria based on 

differences in the cell wall structure. The characteristic 

of Gram-positive bacteria is covered with a thick 

peptidoglycan layer. On the other hand, the 

characteristic of Gram-negative bacteria has an outer 

membrane outside the thin peptidoglycan layer [5]. 

Our group previously reported that PBII treatment 

reduces Geobacillus stearothermophilus spore from 

107 to 101 CFU/mL. In other words, the 6D sterilization 

effect was achieved with G. stearothermophilus spore 

under the following conditions O2 atmosphere, 1 kHz 

frequency, 50 µs delay time, 10 µs pulse width, −12 kV 

pulse voltage, 240 VA RF power, and a 10 min 

exposure time [6]. 

Although we obtained this efficient sterilization 

effect, the sterilization condition was excessive. 

Therefore, we decided to consider the lower 

sterilization conditions (e.g., RF power and applied 

voltage).  

We are trying to sterilize G. stearothermophilus 

spores to examine the differences in Petri dishes 

material (Glass or Stainless steel). As the result of 

observing the spore surfaces by scanning electron 

microscopy, the spores were damaged by using 

Stainless steel Petri dish under the following condition: 
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N₂ atmosphere, 500 Hz frequency, 50 µs delay time, 10 

µs pulse width, −3 kV pulse voltage, 48 VA RF power, 

and a 10 min exposure time. Under the same conditions, 

higher ion density was obtained than the glass Petri dish. 

This study investigated the effect of different gases 

used on PBII treatment. Furthermore, the study was 

conducted to determine whether differences in cell wall 

structure affect the efficiency of PBII treatment. 

Materials and Methods 

Prokaryotic microorganisms of E. coli NBRC3972, 

Gram-Negative, and S. aureus NBRC13276, Gram-

positive, were used as the test specimens. E. coli were 

grown on LB agar medium at 37 °C for 24 h.  S. 

aureus were grown on Trypticase Soy Agar medium 

at 37 °C for 24 h.  

Cultured bacteria were harvested by adding a small 

amount of phosphate buffer (pH 7.2). The bacteria 

concentration was determined and then diluted to 108 

CFU/mL with phosphate buffer.  

Fig.1. Schematic diagram of the experimental apparatus. 

Fig. 1 shows a schematic diagram of the PBII 

apparatus. The chamber is electrically grounded and is 

450 mm in height, 590 mm wide, and 470 mm deep. 

The RF antenna for the ICP source is wound on the 

inside of the upper lid, with one end grounded. The 

antenna is a 5-turn copper coil, approximately 250 mm 

in diameter and operating at 240 kHz.  

The sample was placed on a stainless-steel electrode 

supported by an insulated stainless-steel rod at the 

center of the vacuum chamber.  

First, the SEM sample was prepared to observe the 

morphological change of E. coli. 15 µL of bacteria 

suspension was applied to the specimen stage, which 

was then placed on sterile stainless steel Petri dish. 

These samples were inserted into the chamber. 

This procedure was repeated three times. Finally, 

gas pressure during plasma generation was maintained 

at 5 Pa. A summary of the experimental sterilization 

conditions is shown in Table 1. 

After exposure to plasma and ion bombardment, 1 

mL of phosphate buffer was added to the plasma-

treated stainless steel Petri dish. After removal by 

pipetting, the suspension was added to a sterile 

microtube, and a dilution series was produced with 

more phosphate buffer. 100 µL of each diluted solution 

was spread onto an agar plate and incubated. Colony-

forming units were counted to determine the number of 

surviving cells. All data were obtained by triplet 

analyses, which were expressed as the average ± 

standard deviation.  

As a preprocessing, treated and untreated SEM 

samples were covered by a thin conductive gold layer 

using an ion sputtering apparatus (JEOL JFC-1600). 

Afterward, the treated and untreated samples were 

analyzed by scanning electron microscope (JEOL JSM-

5610). 

Table 1 

 Experimental conditions for sterilization by PBII. 

Items Case 1 Case 2 Case3 Case4 

Microorganisms E. coli E. coli E. coli S. aureus 

Supplied Gas N2 O2 O2 O2 

Gas pressure [Pa] 5 5 5 5 

Frequency [Hz] 500 500 500 500 

Delay time [µs] 50 50 50 50 

Pulse width [µs] 10 10 10 10 

Pulse voltage (peak) [kV] −2 ~ −4 −2 ~ −4 −2 ~ −4 −2 ~ −4 

RF power [VA] 48 48 48 48 

Exposure time [min] 10 10 10 10 



48   “Е+Е”, vol. 57, 3-4, 2022 

Results and Discussion 

Escherichia coli, a gram-negative bacteria, is one of 

the indigenous bacteria in the intestine, and it is no 

exaggeration to say that it is the most famous bacteria. 

[5]. We considered using E. coli to clarify the 

characteristics of PBII treatment with oxygen or 

nitrogen gas.  

 Fig.2. SEM image of E. coli untreated sample 

(magnification ×15 000).  

We carried out an experiment using Case 1 and Case 

2 conditions (Table 1) to examine the effect of different 

gas such as nitrogen or oxygen gas by SEM. 

First, the effect of nitrogen gas was investigated 

under Case 1 conditions. Fig. 2 shows an image of 

untreated E. coli. In the results of Fig. 3, it was 

confirmed that the cell surface of E. coli treated with 

nitrogen gas under the condition of −4 kV was scraped, 

unlike the untreated E. coli. 

Next, the effect of oxygen gas was investigated 

under Case 2 conditions. The results of Fig. 4 

confirmed that the cell surface of E. coli after oxygen 

gas plasma treatment was significantly scaraped and 

had many holes at the maximum voltage of −4 kV, 

unlike the untreated E. coli. Moreover, it was 

confirmed that the oxygen gas plasma treatment gave 

more damage to the cell surface than the nitrogen gas 

of −4 kV.  

Oxygen gas has various active species such as O- 

and O・in plasma, and particularly it is known that 

active oxygen ROS (Radical oxygen species) has a 

sterilization effect [7]. On the other hand, nitrogen gas 

is an inert gas, which has proved to be more difficult to 

ionize (e.g., N⁺, N) than oxygen gas [6]. In summary, 

the effects of chemical etching were expected by using 

oxygen gas, and physical etching was expected by 

using nitrogen gas. 

Therefore, this result suggests that oxygen radicals 

in the plasma resulted in chemical etching of the cell 

surface [7]. 

Applied voltage -2kV Applied voltage -3kV Applied voltage -4kV 

Fig.3. SEM image of E. coli treated by nitrogen gas plasma (magnification ×15 000). 

Applied voltage -2kV Applied voltage -3kV Applied voltage -4kV 

Fig.4. SEM image of E. coli treated by oxygen gas plasma (magnification ×15 000). 
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The sterilization effect of PBII treatment on E. coli 

under Case 3 conditions is shown in Fig. 5. Under the 

condition of −4 kV, the number of surviving E. coli 

decreased from 108 to 10² CFU/mL. In other words, the 

sterilization effect of 6.1 D could be obtained. 

Fig.5. Effect of pulse voltage on the number of E. coli 

survivors treated by oxygen gas plasma. 

Finally, the sterilization effect of PBII treatment on 

S. aureus under Case 4 conditions is shown in Fig. 6.   

As a result, the number of surviving S. aureus was 

reduced from 108 to 101 under −4 kV conditions. In 

other words, the sterilization effect of 6.9 D was 

achieved. 

The cell wall of Gram-positive bacteria is covered 

with a thick peptidoglycan layer. And Gram-negative 

bacteria have an outer membrane outside the thin 

peptidoglycan layer [5]. Therefore, Gram-positive 

bacteria that do not have an outer membrane may be 

more easily sterilized by PBII treatment. 

In summary, it was revealed that oxygen gas treatment 

causes excellent damage to E. coli cells. In addition, as 

a result of PBII treatment using oxygen gas, E. coli and 

S. aureus were able to obtain 6.1 D and 6.9 D 

sterilization effects, respectively, regardless of the 

differences in the cell wall structures under the 

following conditions: O2 atmosphere, 500 Hz 

frequency, 50 µs delay time, 10 µs pulse width, −4 kV 

pulse voltage, 48 VA RF power, and a 10 min exposure 

time. 

Fig.6. Effect of pulse voltage on the number of S. aureus 

survivors treated by oxygen gas plasma. 

Conclusions 

The cell damage and sterilization effects of PBII 

treatment on bacteria were investigated.  

E. coli was treated with nitrogen gas or oxygen gas 

plasma. As a result, in the oxygen gas plasma 

treatment, it was confirmed that the cell surface of E. 

coli was significantly damaged, unlike the untreated 

cells and those treated with nitrogen gas. It was inferred 

that these results were due to chemical etching with 

active oxygen in the oxygen gas plasma. 

Next, we investigated whether the PBII treatment 

was affected by the thickness of the peptidoglycan 

layer and the presence of an outer membrane. As a 

result, the sterilization effect of 6.1 D for E. coli, Gram-

negative, and 6.9 D for S. aureus, Gram-positive, was 

obtained under the following conditions: O₂ 

atmosphere, 500 Hz frequency, 50 µs delay time, 10 µs 

pulse width, −4 kV pulse voltage, 48 VA RF power, 

and a 10 min exposure time. There was no significant 

difference in sterilization efficiency between E. coli 

and S. aureus, indicating that the PBII method is an 

effective sterilization method regardless of the cell wall 

structure of bacteria. 
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