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Abstract 28 

The bactericidal effects of air plasma jets produced with a twisted wire-cylindrical 29 

electrode configuration were clarified in terms of plasma-induced damage to plant 30 

nutrient solutions. The bacterial suspensions were directly irradiated with air plasma jets 31 

using a low gas flow rate, which was shown to significantly inactivate the bacteria 32 

suspended in the solutions without reducing the nutrient concentrations. However, the 33 

plasma irradiation time required for inactivation depended on the type of bacteria; 34 

Escherichia coli (E. coli) and Bacillus subtilis (B. subtilis) were inactivated in 20–30 s, 35 

while Staphylococcus aureus (S. aureus) required 7 min. The inactivation of E. coli and 36 

B. subtilis decreased with increasing air gas flow rate, whereas the inactivation of S. 37 

aureus was independent of the rate. The inactivation could be attributed to a greater 38 

number of reactive oxygen and nitrogen species (RONS) from the air plasma jet, 39 

including O2 molecules in the feeding gas attaching to the bacterial suspension surface, 40 

which do not harm the nutrient components. This can be derived from the results; the air-41 

plasma-jet-activated nutrient solutions (RONS introduced in the solutions) and the N2 42 

plasma jets had only a limited inactivation effect on the bacteria suspended in the 43 

solutions.  44 

 45 

 46 

 47 

 48 

 49 

 50 
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1. Introduction 54 

In recent years, food security has become an increasingly important issue because 55 

climate change and global warming have influenced the efficiency of agricultural 56 

production . The artificial cultivation of plants (a plant factory) is a promising 57 

technology for improving food security . Crops in plant factories can be 58 

successfully grown using circulating hydroponic systems, without the influence of 59 

environmental changes. Plant growth is accomplished by the absorption of nutrients from 60 

hydroponic nutrient solutions instead of from soil . However, contamination of 61 

hydroponic nutrient solutions by pathogenic bacteria is a significant issue in plant 62 

factories because these circulating systems can rapidly spread pathogens throughout the 63 

factory . Environment-conscious technologies for disinfecting hydroponic nutrient 64 

solutions are required for the development of future plant factories.  65 

The use of ultraviolet light-emitting devices (UV-LEDs) is convenient and 66 

environmentally sound because it requires no harmful chemicals and produces no 67 

hazardous by-products . UV irradiation systems based on LEDs have successfully 68 

inactivated Escherichia coli (E. coli) in hydroponic nutrient solutions . However, 69 

there is a critical problem with the use of UV irradiation, since it reduces the concentration 70 

of iron in hydroponic nutrient solutions by forming iron-based precipitates, thereby 71 

inhibiting the growth of crops . The reduction in iron content or the formation of iron-72 

based precipitates is thought to be attributed predominantly to the UV-induced 73 

degradation of iron chelates contained in the iron content in nutrient solutions .  74 

This study focuses on low-temperature atmospheric-pressure plasma technologies as 75 

an alternative approach for disinfecting hydroponic nutrient solutions. These plasmas 76 

have bactericidal activity due to reactive oxygen and nitrogen species (RONS) [17,18 . 77 

The exact mechanism of their inhibitory effect on microbial growth remains unclear, but 78 

three pathways have been proposed. These include direct permeabilization of the cell 79 
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membrane or wall leading to leakage of cellular components, critical damage to 80 

intracellular proteins, and damage to deoxyribonucleic acid (DNA) [18  Low-81 

temperature atmospheric-pressure plasmas are environmentally sound because they do 82 

not use harmful chemicals, as is the case with UV-LED. They are also convenient because 83 

they can easily be produced indoors and outdoors without using vacuum equipment. 84 

Therefore, various low-temperature atmospheric-pressure plasma technologies have 85 

recently gained attention in agricultural applications [ .  86 

In an earlier study, Yasui et al. inactivated the fungus, Fusarium oxysporum, 87 

suspended in plant nutrient solutions with submerged liquid plasmas. The plasmas were 88 

produced using a barrier-type surface discharge electrode configuration consisting of a 89 

powered sheet electrode in contact with the solution and an electrically grounded 90 

electrode. The powered sheet electrode had a hole with a diameter of 1 mm, through 91 

which various types of gases were fed into the solution to generate submerged liquid 92 

plasmas. The resultant plasma generated in O2 gas inactivated the fungus in 5 min. In the 93 

case of submerged liquid plasmas generated in He and Ar gases, the fungus was 94 

sufficiently inactivated within 20 min; however, the plasma with the air gas showed a 95 

weak bactericidal effect. Furthermore, plasma-induced damage to plant nutrient solutions 96 

was not clarified in the aforementioned study [25 . Therefore, a more detailed 97 

understanding of the interactions between plant nutrient solutions and low-temperature 98 

atmospheric-pressure air plasmas is required to further enhance the bactericidal effect of 99 

nutrient solutions without causing plasma-induced damage to the nutrient solutions.  100 

The purpose of the present study was to investigate the bactericidal effects of low-101 

temperature atmospheric-pressure air plasma jets with various gas flow rates on plant 102 

nutrient solutions in terms of plasma-induced damage to those solutions. Specifically, we 103 

clarified whether air plasma jet irradiation inactivates bacteria suspended in plant nutrient 104 

solutions without reducing the concentration of nutrient components, such as iron. A 105 
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plasma jet device developed by Kawakami et al. [26  was used in this study. The air 106 

plasma jet was produced with a twisted wire-cylindrical electrode configuration 107 

(TWCEC) of the developed plasma jet device [26  The device has the advantage that air 108 

plasma plumes of 3 mm in diameter produced by the TWCEC are in direct contact with 109 

irradiated objects. This diameter is larger than those produced by the hollow-electrode 110 

configuration (HEC) [27 the rod-cylindrical electrode configuration (RCEC) [28,29111 

The diameters of the HEC- and RCEC-produced plasma plumes were 1 mm. Therefore, 112 

TWCEC-produced plasma jet irradiation causes a strong interaction between the air 113 

plasma jet and the bacterial suspension, resulting in a high bactericidal effect. This 114 

method also utilizes ambient air as the feed gas, which promotes resource conservation. 115 

Some researchers have used Ar-based plasma jets with O2 and H2O2 vapor [30,31 , which 116 

does not conserve resources because of the high flow rate of the feed gas (> 1 L/min).  117 

The bacteria suspended in the nutrient solution were E. coli American Type Culture 118 

Collection (ATCC) 25922 [32 , Bacillus subtilis (B. subtilis) ATCC 6633 [33 , and 119 

Staphylococcus aureus (S. aureus) ATCC 25923 [34 . These were chosen as model 120 

microorganisms in the present study because there are no globally uniform evaluation 121 

standards for quality control of plant nutrient solutions. E. coli is a disinfection indicator 122 

according to the evaluation standards for plant nutrient solutions for plant cultivation in 123 

Japan. The other two types of bacteria are also typical indicators of disinfection.  124 

In addition to iron content, phosphorus, potassium, and nitrogen contents in plant 125 

nutrient solutions after plasma jet irradiation were measured using optical absorption 126 

spectroscopy [35  and the ion-selective electrode method [36 . Along with the bactericidal 127 

effects, changes in the nutrient solution content were investigated by changing the plasma 128 

irradiation time. The characteristics of air-plasma-jet-irradiated nutrient solutions were 129 

compared to with those of N2-plasma-jet-irradiated nutrient solutions and air-plasma-jet-130 

activated nutrient solutions (PASs). The present study allows for a clearer understanding 131 
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of the effects of air plasma jet irradiation on plant nutrient solutions, and provides relevant 132 

information for the practical application of air plasma jets in the disinfection of plant 133 

nutrient solutions without causing damage to these solutions.  134 

 135 

2. Experimental procedure  136 

Plant nutrient solutions were purchased from Kyowa Corp. Ltd. (Japan). They were 137 

prepared by mixing 100 mL of distilled water with 400 μL of plant nutrient solution while 138 

stirring. The bacteria suspended in the nutrient solutions were E. coli ATCC 25922 [32 , 139 

B. subtilis ATCC 6633 [33 , and S. aureus ATCC 25923 [34 , as described above. These 140 

bacteria were cultured in Luria-Bertani (LB) broth at 37 °C for 18 h. The LB broth was 141 

composed of 97.5 wt% distilled water, 1.0 wt% tryptone [37 , 1.0 wt% NaCl, and 0.5 142 

wt% yeast extract. The cultured bacterial suspensions were centrifuged at 8 × 103 × g for 143 

3 min to remove the LB broth and then washed three times with sterilized phosphate-144 

buffered saline (PBS, pH 7.5), where g is the gravitational acceleration. Finally, a 30 mL 145 

sample solution with a concentration of 5 × 106 colony-forming units per milliliter 146 

(CFU/mL) was prepared by mixing a 29.7 mL nutrient solution at a concentration of 4 × 147 

103 ppm with a 300 L bacterial suspension. A 5 mL sample solution was placed in a 148 

sterilized dish (Coning #430588) and then irradiated with an air plasma jet. After the 149 

plasma jet irradiation, the irradiated sample solutions were serially diluted 10-fold with 150 

PBS. A 100 μL diluted sample solution was plated on an agar plate of LB broth and 151 

incubated at 37 °C for 18 h.  152 

After incubation, the common logarithm (log) of the bacterial colonies grown on the 153 

agar plate was evaluated using the colony counting method [38,39 . The bacterial log 154 

number was measured three times for each sample solution, and the data were averaged. 155 

The results are displayed as average values, including standard deviations. Specifically, 156 

the log survival ratio was estimated from the equation log (Nt / N0), where Nt is the colony 157 
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count of the irradiated sample and N0 is the colony count of the sample before irradiation. 158 

The obtained data were statistically analyzed using either the two-tailed or unpaired t-test 159 

or the Tukey-Kramer test (Excel Tokei ver. 7.0, Esumi Corp. Ltd., Japan).  160 

    The bacteria suspended in the nutrient solutions were observed before and after plasma 161 

irradiation using field-emission scanning electron microscopy (FE-SEM, S-4700, Hitachi 162 

High-Technologies, Japan) to clarify the changes in the bacterial structures caused by air 163 

plasma jet irradiation. The bacteria were collected using a filter membrane with pores of 164 

0.2 m in diameter. The collected bacteria were immobilized with a 2% glutaraldehyde 165 

and 2% osmium tetroxide solution and observed at a magnification of 104 × using FE-166 

SEM.  167 

    The concentration of iron in the sample solution was determined using reduction-and-168 

bathophenanthroline absorptiometry (DPM2-Fe-D, Kyoritsu Chemical Check Lab. Corp., 169 

Japan) with a portable multiparameter water analyzer (DPM-MTSP, Kyoritsu Chemical-170 

Check Lab. Corp., Japan). The phosphorus content in the sample solution was assessed 171 

using molybdenum blue absorptiometry (DPM2-PO4, Kyoritsu Chemical Check Lab. 172 

Corp., Japan) with the same portable multiparameter water analyzer. The potassium 173 

content of the sample solution was evaluated using a potassium ion meter based on the 174 

ion-selective electrode method (LAQUAtwin K-11, Horiba, Japan). The concentration of 175 

nitrogen in the sample solution was determined using a nitric acid ion meter based on the 176 

ion-selective electrode method (LAQUAtwin NO3-11, Horiba, Japan).  177 

The sample solution placed in the sterilized dish was irradiated with TWCEC-178 

produced air plasma jets at gas flow rates of 1 L/min, 3 L/min, and 5 L/min, as shown in 179 

Fig. 1. The irradiation time of the air plasma jet varied in the range of 0–7 min. The sample 180 

solution was positioned such that the distance from the jet nozzle to the surface of the 181 

solution was 3 mm. The inner and outer diameters of the glass jet nozzle were 3 mm and 182 

6 mm, respectively. The feeding gas used was ambient air at room temperature (22–183 
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with a relative humidity of 40–55%. This gas was fed into the jet nozzle using an air 184 

compressor. The copper cylindrical electrode in the TWCEC was electrically grounded, 185 

and the tungsten twisted wires were powered using a 100 kHz bipolar impulse waveform 186 

generator with a repetition frequency of 10 kHz (TE-HVP1010K300-NP, Tamaoki 187 

Electronics Corp. Ltd., Japan). The root-mean-square (RMS) values of the applied 188 

impulse voltage and the discharge current flowing into the sample solution were 2.7 kV 189 

100 mA, respectively. This current value showed little change when the gas flow 190 

rate was increased.  191 

The UV released from the air plasma jet was caused by the emission of the N2 second 192 

positive system, 2P( ’, ), where ’ and  are the vibrational quantum numbers of the 193 

upper and lower states, respectively [26 . The intensity of the 337 nm UV associated with 194 

2P(0,0) was the highest in the N2 second positive system at 170 μW/cm2, as measured 195 

with an optical power meter (Nova II, Ophir Optonics Solutions Ltd., Japan), which was 196 

an order of magnitude less than that emitted from the Ar plasma jet [26 . Details of the 197 

air plasma jet device can be found in the literature [26 .  198 

 199 

3. Results  200 

Figure 2(a) shows the dependence of the log survival ratio of E. coli suspended in the 201 

nutrient solution irradiated with the air plasma jet at a gas flow rate of 1 L/min on 202 

irradiation time. A small log survival ratio indicates a high inactivation of E. coli. The log 203 

survival ratio significantly reduced from 0 to approximately 5.5 as the irradiation time 204 

increased from 0 to 30 s. This result suggests that 30 s irradiation of the air plasma jet at 205 

1 L/min inactivated the viable cell number of E. coli by approximately five orders of 206 

magnitude. In contrast, the log survival ratio increased from to when the air gas 207 

flow rate increased from 1 to 5 L/min, as shown in Fig. 2(b). This result suggests that an 208 

increase in airflow rate lowered the inactivation of E. coli. The lowered inactivation can 209 
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be related to a suppression of increased electrode or gas temperature induced by an 210 

increase in the air gas flow rate [40 . Temperature suppression can decrease the density 211 

and temperature of the air plasma jet attaching onto the sample solution, thereby 212 

decreasing the number of RONS required for inactivation. Thus, an increase in the air gas 213 

flow rate contributed to the lowered inactivation.  214 

A similar result was observed for the inactivation of B. subtilis, as shown in Fig. 3. 215 

The log survival ratio significantly decreased from 0 to as the irradiation time 216 

lengthened from 0 to 20 s and then increased as the gas flow rate increased, as was the 217 

case with E. coli. This result suggests that the viable cell number of B. subtilis was 218 

inactivated by five orders of magnitude with 20 s of irradiation of the air plasma jet at 1 219 

L/min. Consequently, the inactivation of B. subtilis was evaluated to be 5 × 103 CFU/mL/s, 220 

which was similar to that of E. coli.  221 

As shown in Fig. 4(a), a different result was observed for the inactivation of S. aureus 222 

in relation to staphyloxanthin, which suppresses oxidative stress [41,42 . The irradiation 223 

time required to significantly inactivate S. aureus was longer than those of E. coli and B. 224 

subtilis. Specifically, the log survival ratio of S. aureus was reduced to  with 7 min 225 

irradiation of air plasma jet at 1 L/min. As shown in Fig. 4(b), the log survival ratio of S. 226 

aureus did not change when the air gas flow rate was increased from 1 to 5 L/min, as 227 

opposed to the results with the other types of bacteria used. This suggest that the 228 

inactivation of S. aureus is independent of the air gas flow rate because the number of 229 

RONS generated in the air plasma jet would be sufficiently large to inactivate S. aureus 230 

even at high gas flow rates because of the long irradiation time (7 min).  231 

Figure 5 shows a comparison between the SEM images of the bacteria before and 232 

after air plasma jet irradiation. The damage scars or damage marks caused by the air 233 

plasma jet depended on the type of bacteria. Cell cleavage was observed for E. coli and 234 

B. subtilis, but not for S. aureus. The differences observed in the SEM results agreed with 235 
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those reported in the literature [43 . The inactivation of E. coli and B. subtilis could be 236 

attributed to the damage to the cell wall structures by the air plasma jet, whereas that of 237 

S. aureus could be caused by intracellular or DNA damage from the air plasma jet [43 .  238 

Figure 6 shows the variations in nutrient composition concentrations in the nutrient 239 

solutions irradiated with the air plasma jet at 1 L/min in relation to irradiation time. The 240 

maximum irradiation time was set to the time required for significant inactivation of S. 241 

aureus (7 min). The Fe content concentration remained the same as before irradiation 242 

with an irradiation time of 7 min, even though the air plasma jet emitted UV due to the 243 

N2 second positive system [26 . This result differs from that induced by UV-LED 244 

irradiation, which reduced the Fe content concentration . The K and P concentrations 245 

also remained the same as those before irradiation as the irradiation time increased. 246 

However, the N concentration increased with increasing irradiation time, indicating a 247 

positive effect on the nutrient solution because N is essential for plant growth [44 . Thus, 248 

air plasma jet irradiation was found to cause no damage to the nutrient solution, as 249 

opposed to the results with UV-LED irradiation.  250 

Figure 7 shows a comparison between the log survival ratios of E. coli, B. subtilis, 251 

and S. aureus suspended in distilled water and plant nutrient solutions irradiated with the 252 

air plasma jet at 1 L/min for 30 s, 20 s, and 7 min, respectively. In the case of E. coli, the 253 

log survival ratios were similar in the two solutions, which was also observed for B. 254 

subtilis and S. aureus. These comparisons indicate that the air plasma jet has the same 255 

high bactericidal effect in distilled water as in that in the nutrient solution. Thus, the air 256 

plasma jet-induced bactericidal effect was not relevant to the nutrient components 257 

included in the nutrient solution.  258 

The inactivation exerted by the air plasma jet, which contained 80% N2 and 20% O2 259 

molecules in the feed gas, was compared with the N2-plasma-jet-induced results. Figure 260 

8 shows the log survival ratios of E. coli, B. subtilis, and S. aureus suspended in nutrient 261 
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solutions irradiated with a N2 plasma jet at 1 L/min. The intensity of the 337 nm UV 262 

associated with 2P(0,0) was 890 μW/cm2, as measured with the same optical power meter 263 

as that used with the air plasma jet. The UV intensity was approximately five times higher 264 

than that emitted by the air plasma jet. In the case of the N2 plasma jet, the log survival 265 

ratio of E. coli decreased from 0 to when the irradiation time increased from 0 to 7 266 

min. The log survival ratio of B. subtilis also decreased to as the irradiation time 267 

increased. The log survival ratio of S. aureus remained unchanged from with 268 

increased irradiation time. Comparing these results with those in Figs. the air-269 

plasma-jet-induced bactericidal effects were considerably higher than the N2-plasma-jet-270 

induced bactericidal effects, despite the N2 plasma jet emitting a higher UV intensity than 271 

the air plasma jet. This suggests that the air-plasma-jet-induced bactericidal effects were 272 

not due to the UV emitted from the plasma. The results obtained are similar to those 273 

acquired from comparing the bactericidal effects induced by He and He/O2 plasma jets 274 

[45,46 he He plasma containing O2 molecules in the feed gas showed a higher 275 

bactericidal effect, suggesting that the RONS generated with O2 molecules in the gas play 276 

a crucial role in the level of bactericidal activity [45,46  277 

Figure 9 shows the variations in Fe, N, K, and P concentrations in plant nutrient 278 

solutions irradiated with a N2 plasma jet at 1 L/min at the irradiation durations. The N 279 

concentration remained the same before irradiation as the irradiation time increased to 7 280 

min, as opposed to the results of the air plasma jet (Fig. 6). This result suggests that the 281 

number of RONS generated in the air plasma jet was greater than that in the N2 plasma 282 

jet. The Fe, K, and P concentrations did not change from those before irradiation as the 283 

irradiation time increased. This result is similar to that observed for the air plasma jet (Fig. 284 

6), suggesting that the RONS generated in the air and N2 plasma jets did not damage the 285 

nutrient components. Thus, the comparison between the N2- and air-plasma-jet-induced 286 

results indicates that the higher bactericidal effect induced by the air plasma jet is 287 
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attributed predominantly to more RONS generated with O2 molecules contained in the 288 

feed gas, which do not harm the nutrient components.  289 

The PASs, that is, the RONS introduced in the nutrient solution by the air plasma jet, 290 

had a low bactericidal effect, as shown in Fig. 10. The PASs for E. coli, B. subtilis, and S. 291 

aureus were produced for 30 s, 20 s, and 7 min, respectively, with an air plasma jet at 1 292 

L/min. Specifically, the irradiation times for producing PASs for E. coli, B. subtilis, and 293 

S. aureus were set to those required to inactivate the bacteria. The immersion times for 294 

each bacterium in the PASs were set to the duration required to inactivate each species. 295 

The log survival ratios of bacteria immersed in the PASs (red data) were considerably 296 

larger than those induced by the air plasma jet (blue data). This suggests that the PASs 297 

only minimally inactivated the bacteria suspended in the nutrient solution. Thus, the air-298 

plasma-jet-induced inactivation of bacteria suspended in the nutrient solution cannot be 299 

explained only from the viewpoint of the RONS introduced in the nutrient solution. In 300 

summary, RONS, such as O, O2 , O3 OH, and NOx [301 

the nutrient solution surface would contribute to predominantly inactivating the bacteria 302 

suspended in the nutrient solution and would not damage the nutrient components.  303 

 304 

4. Discussion 305 

TWCEC-produced air plasma jet irradiation significantly inactivated the bacteria 306 

suspended in the nutrient solutions without reducing the nutrient components (Figs. 2–6). 307 

The air-plasma-jet-induced bactericidal effect observed in Fig. 7 differs from that induced 308 

by the submerged liquid plasma in air gas [25309 

the bactericidal effect of the plant nutrient solution was comparatively low in relation to 310 

that of distilled water. This implies that the bactericidal effect of the submerged liquid 311 

plasma was weakened or suppressed by the nutrient components included in the nutrient 312 

solution. This comparison suggests that the TWCEC-produced air plasma jet irradiation 313 
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proposed in this study is an effective means of inactivating bacteria suspended in plant 314 

nutrient solutions.  315 

The inactivation induced by the TWCEC-produced air plasma jet was compared to 316 

that reported in the literature [ The inactivation of E. coli, at 3 × 103 CFU/mL/s, 317 

which was defined by dividing 105 CFU/mL by 30 s, was compared with that exerted by 318 

HEC-produced air plasma jets [27 -produced air plasma jet reduced the log 319 

survival of E. coli from 4 to 1 CFU/mL when the irradiation time increased from 0 to 50 320 

s [27  s of irradiation with the HEC-produced air plasma jet 321 

inactivated the viable cell number by three orders of magnitude. Accordingly, the 322 

inactivation of the HEC-produced air plasma jet was estimated at 2 × 10 CFU/mL/s, 323 

which was substantially lower than that exerted by the TWCEC-produced air plasma jet 324 

(Fig. 2(a)). The inactivation of B. subtilis (at 5 × 103 CFU/mL/s) was compared with that 325 

of Ar-based plasma jets with O2 and H2O2 vapors [30,31 -based plasma jet with 326 

3.59% O2 reduced the log survival of B. subtilis from 6 CFU/mL to 2 CFU/mL as the 327 

irradiation time increased from 0 s to 60 s [30328 

number occurred in the case of an Ar-based plasma jet with H2O2 vapor [31329 

suggests that the Ar-based plasma jets inactivated the viable cell number by three orders 330 

of magnitude in 60 s by adding oxygen-based species. Hence, the inactivation induced by 331 

the Ar-based plasma jets, at approximately 2 × 10 CFU/mL/s, was low compared to that 332 

of the TWCEC-produced air plasma jet (Fig. 3(a)).  333 

As shown in Fig. 4, the inactivation of S. aureus was estimated to occur at 2 × 102 334 

CFU/mL/s, which was lower than that of the other types of bacteria used (Figs. 2 and 3). 335 

This was compared with that exerted by RCEC-produced air plasma jets [28,29336 

RCEC-produced air plasma jet reduced the survival of S. aureus from 20 × 107 to 2 × 107 337 

CFU/mL as the irradiation time increased from 0 to 15 min [28,29338 

that 15 min of irradiation with the RCEC-produced air plasma jet inactivated the viable 339 
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cell number by an order of magnitude. In other words, the inactivation of the RCEC-340 

produced air plasma jet was estimated to occur at less than 1 CFU/mL/s, which was much 341 

lower than that exerted by the TWCEC-produced air plasma jet (Fig. 4(a)). Thus, 342 

TWCEC-produced air plasma jet irradiation is superior to the other methods and effective 343 

for inactivating bacteria suspended in nutrient solutions.  344 

The majority of RONS introduced in solutions by plasma jets are reported to be long-345 

lived species, such as hydrogen peroxides (H2O2), nitrite ions (NO3 ), and nitrate ions 346 

(NO2 ) [52 , and short-lived species, such as hydroxyl radicals ( OH) [53,54 . Figure 11 347 

shows the changes in the concentrations of H2O2, OH, NO3 , and NO2  introduced in the 348 

plant nutrient solution by air plasma jet irradiation at 1 L/min with the various irradiation 349 

times. The H2O2 concentration was determined by absorptiometry at a wavelength of 560 350 

nm based on the peroxide-mediated oxidation of Fe2+ followed by the reaction of Fe3+ 351 

with xylenol orange [55,56 . The OH concentration was determined using the chemical 352 

probe method based on the 426 nm fluorescence of hydroxyterephthalic acid excited with 353 

312 nm UV [53,54,57 . NO3  and NO2  concentrations were assessed using reduction and 354 

naphthyl ethylenediamine absorptiometry (WAK-NO3, Kyoritsu Chemical-Check Lab. 355 

Corp., Japan) and naphthyl ethylenediamine absorptiometry (WAK-NO2, Kyoritsu 356 

Chemical Check Lab. Corp., Japan), respectively, using the same portable multi-357 

parameter water analyzer as that used to measure the Fe and P concentrations. At 358 

irradiation times of min, the NO3  concentration was the greatest, followed by 359 

the NO2 , H2O2, and OH concentration in that order. These concentrations increased as 360 

the irradiation time was lengthened to 7 min, but the concentration order did not change. 361 

The concentrations of the air-plasma-jet-introduced RONS were considered to be small 362 

enough to inactivate the bacteria because they have a low bactericidal effect (Fig. 10). In 363 

addition, from the results shown in Fig. 6, the air-plasma-jet-introduced RONS did not 364 

damage the nutrient components in the nutrient solution. This implies that the RONS 365 
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introduced in the solution do not harm the growth of plants, which will be clarified in 366 

future studies conducted under plant growth conditions.  367 

The increase in the concentration of N induced by the air plasma jet (Fig. 6) has been 368 

discussed in terms of the interactions between air plasma and water [47,58369 

plasma jet, O and N radicals are generated through the dissociative reactions of O2 and 370 

N2 molecules, respectively, due to electron impact [47371 

chemically react with N2 and O2 molecules in the air plasma jet, respectively, producing 372 

nitrogen oxides (NOx) [47373 

the formation of nitrate ions (NO3 ) and nitrite ions (NO2 ) in the solution (Figs. 11(c) 374 

and 11(d)). Thus, large numbers of RONS, such as NOx generated by the air plasma jet, 375 

contribute to the increased N concentration in the solution.  376 

 377 

5. Conclusion 378 

We clarified the bactericidal effects of TWCEC-produced air plasma jets on nutrient 379 

solutions from the perspective of plasma-induced damage. The TWCEC-produced air 380 

plasma jet directly irradiated the surface of the bacterial suspension. Air plasma jet 381 

irradiation with a low gas flow rate sufficiently inactivated E. coli, B. subtilis, and S. 382 

aureus suspended in nutrient solutions without reducing the nutrient concentrations. The 383 

inactivation of the TWCEC-produced air plasma jet was greater than those of the plasma 384 

jets produced by other types of electrode configurations. However, the plasma irradiation 385 

time required to inactivate bacteria depended on the type of bacteria: E. coli and B. subtilis 386 

were inactivated in 20–30 s, whereas S. aureus required 7 min for inactivation. The 387 

inactivation of E. coli and B. subtilis was lowered by increasing the air gas flow rate, and 388 

the inactivation of S. aureus was independent of this rate. This inactivation could be 389 

attributed predominantly to a greater number of RONS impinging from the air plasma jet, 390 

including O2 molecules in the feed gas, onto the bacterial suspension surface, which 391 
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would not harm the nutrient components. This can be derived mainly from the following 392 

results: the PASs, that is, the RONS introduced in the nutrient solution by the air plasma 393 

jet, and the N2 plasma jet without O2 molecules in the feeding gas showed little 394 

inactivation ability of the bacteria suspended in the nutrient solution. These findings are 395 

important for a deeper understanding of the interactions between air plasma jets and plant 396 

nutrient solutions. TWCEC-produced air plasma jet irradiation provides a new 397 

perspective on improving the bactericidal effect of bacteria suspended in nutrient 398 

solutions without damaging the nutrient components in the solutions.  399 
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Figure captions: 652 

Figure 1.  (a) Schematic drawing of the experimental arrangement for disinfecting a plant 653 

nutrient solution including bacteria with an air plasma jet. Photographs of (b) the setup 654 

and (c) the air plasma jet in contact with the solution.  655 

 656 

Figure 2.  (a) The log survival ratio of E. coli suspended in a plant nutrient solution 657 

irradiated with the air plasma jet at 1 L/min, as a function of irradiation time. (b) 658 

Comparison between the log survival ratios of E. coli suspended in the solutions irradiated 659 

for 30 s with air plasma jets at 1, 3, and 5 L/min. The different letters shown in the figures 660 

signify statistically significant differences, P-values < 0.05, as estimated by the Tukey-661 

Kramer test. The same letters shown in the figures mean no significant differences.  662 

 663 

Figure 3.  (a) The log survival ratios of B. subtilis suspended in a plant nutrient solution 664 

irradiated with the air plasma jet at 1 L/min, as a function of irradiation time. (b) 665 

Comparison between the log survival ratios of B. subtilis suspended in the solutions 666 

irradiated for 20 s with air plasma jets at 1, 3, and 5 L/min. The different letters shown in 667 

the figures signify statistically significant differences, P-values < 0.05, as estimated by 668 

the Tukey-Kramer test. The same letters shown in the figures mean no significant 669 

differences.  670 

 671 

Figure 4.  (a) The log survival ratios of S. aureus suspended in a plant nutrient solution 672 

irradiated with the air plasma jet at 1 L/min, as a function of irradiation time. (b) 673 

Comparison between the log survival ratios of S. aureus suspended in the solutions 674 

irradiated for 7 min with air plasma jets at 1, 3, and 5 L/min. The different letters shown 675 

in the figures signify statistically significant differences, P-values < 0.05, as estimated by 676 

the Tukey-Kramer test. The same letters shown in the figures mean no significant 677 
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differences.  678 

 679 

Figure 5.  (a) SEM images of E. coli before and after irradiating the bacterial suspension 680 

with the air plasma jet at 1 L/min for 30 s. (b) SEM images of B. subtilis before and after 681 

irradiating the bacterial suspension with the air plasma jet for 20 s. (c) SEM images of S. 682 

aureus before and after irradiating the bacterial suspension with the air plasma jet for 7 683 

min. The arrows shown in the figures correspond to the portions of plasma-induced 684 

damage.  685 

 686 

Figure 6.  Fe, N, K, and P content concentrations in a plant nutrient solution irradiated 687 

with the air plasma jet at 1 L/min, as a function of irradiation time.  688 

 689 

Figure 7.  Comparisons between the log survival ratios of (a) E. coli, (b) B. subtilis, and 690 

(c) S. aureus suspended in distilled water and plant nutrient solutions irradiated with the 691 

air plasma jet at 1 L/min for 30 s, 20 s, and 7 min, respectively. The abbreviation, n. s., 692 

shown in the figures signifies no significant differences, as estimated by the two-tailed 693 

and unpaired t-test.  694 

 695 

Figure 8.  The log survival ratios of (a) E. coli, (b) B. subtilis, and (c) S. aureus suspended 696 

in plant nutrient solutions irradiated with a N2 plasma jet at 1 L/min, as a function of 697 

irradiation time. The different letters shown in the figures signify statistically significant 698 

differences, P-values < 0.05, as estimated by the Tukey-Kramer test. The same letters 699 

shown in the figures mean no significant differences.  700 

 701 

Figure 9.  Fe, N, K, and P content concentrations in a plant nutrient solution irradiated 702 

with a N2 plasma jet at 1 L/min, as a function of irradiation time.  703 
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 704 

Figure 10.  The log survival ratios of (a) E. coli, (b) B. subtilis, and (c) S. aureus 705 

suspended in PASs produced for 30 s, 20 s, and 7 min with the air plasma jet at 1 L/min, 706 

respectively. Their immersion times of bacteria in the PASs are the same as those required 707 

to inactivate the bacteria with the air plasma jet, respectively. The blue-colored data in 708 

the figures correspond to the results of E. coli, B. subtilis, and S. aureus suspended in the 709 

nutrient solution irradiated for 30 s, 20 s, and 7 min with the air plasma jet, respectively. 710 

The symbol, ***, shown in the figures corresponds to a P-value < 0.001, as estimated by 711 

the two-tailed and unpaired t-test.  712 

 713 

Figure 11.  Concentrations of (a) H2O2, (b) OH, (c) NO3 , and (d) NO2  generated in a 714 

plant nutrient solution by the air plasma jet irradiation at 1 L/min, as a function of 715 

irradiation time.  716 
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