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Abstract 12 

Nanobubble technology, as an emerging and sustainable approach, has been used for remediation 13 

of eutrophication. However, the influence of nanobubbles on the restoration of aquatic vegetation 14 

and the mechanisms are unclear. In this study, the effect of nanobubbles at different 15 

concentrations on the growth of Iris pseudacorus (Iris) and Echinodorus amazonicus 16 

(Echinodorus) was investigated. The results demonstrated that nanobubbles can enhance the 17 

delivery of oxygen to plants, while appropriate nanobubble levels will promote plant growth, 18 

excess nanobubbles could inhibit plant growth and photosynthesis. The nanobubble 19 

concentration thresholds for this switch from growth promotion to growth inhibition were 20 

3.45×107 and 1.23×107 particles/mL for Iris and Echinodorus, respectively. Below the threshold, 21 

an increase in nanobubble concentration enhanced plant aerobic respiration and ROS generations 22 

in plants, resulting in superior plant growth. However, above the threshold, high nanobubble 23 

concentrations induced hyperoxia stress, particularly in submergent plants, which result in 24 

collapse of the antioxidant system and the inhibition of plant physiological activity. The 25 
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expression of genes involved in modulating redox potential and the oxidative stress response, as 26 

well as the generation of relevant hormones, were also altered. Overall, this study provides an 27 

evidence-based strategy to guide the future application of nanobubble technology for sustainable 28 

management of natural waters. 29 

Keywords: Eutrophication control; Oxidant/antioxidant species; Chlorophyll content; Gene 30 

expression; Hormone generation 31 

Synopsis 32 

Our study provided an evidence-based strategy to guide the future application of nanobubble 33 

technology for sustainable management of natural waters. 34 
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1. Introduction 35 

Nanobubbles are defined as bubbles with a diameter of less than 1000 nm with 36 

special characteristics resulting from their ultra-fine size1. Compare with the rapid and high 37 

gas transfer efficiency of microbubbles (bubble size in micrometres), the gas dissolution 38 

speed would be slower/more sustainable, e.g. increase the DO level in the water, for 39 

nanobubbles due to the longer lifetime and lower buoyancy. Additionally, the natural 40 

collapse of nanobubbles could generate reactive oxygen species (ROS), including hydroxyl 41 

radicals (•OH), superoxide radicals (•O2
-), and singlet oxygen (1O2).

2 Previous studies have 42 

also shown that micro/nanobubbles can improve the lysis of harmful algal cells and the 43 

detoxification of cyanotoxins.3 Therefore, bulk micro/nanobubbles have been directly 44 

exploited to remove aerobically degradable pollutants (e.g., organic waste and ammonium) 45 

and harmful algal blooms (HABs) from eutrophic waters.4,5 Alongside the use of bulk 46 

nanobubbles, a novel refinement of the technology, which involves interfacial nanobubbles, 47 

was developed in 2018, using natural minerals loaded with oxygen to deliver oxygen 48 

nanobubbles onto sediment surfaces.6,7 This approach successfully reversed sediment 49 

hypoxia and reduced the flux of N and P from the sediment for over four months. Therefore, 50 

there has been increasing research interest and deployment on nanobubble technology for 51 

the in-situ control of eutrophication. Many companies in Asia, the US and Europe have 52 

become increasingly involved in projects that use nanobubble technology for HAB 53 

mitigation.3,8,9 Nevertheless, both bulk and interfacial nanobubble treatments have mainly 54 

focused on the first step of water restoration, i.e. pollutant removal and sediment 55 

remediation. After the pollutants removal to a certain level along with the water quality 56 

improvement, the clear-water state in natural waters could offer a satisfactory situation for 57 

the restoration of aquatic vegetation in the later stage. Since the nanobubble technology 58 
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operation time and nanobubble concentrations have not been precisely regulated, the 59 

potential impact of nanobubbles on the later processes of aquatic vegetation growth and 60 

stabilisation is still unclear. 61 

As an important part of the aquatic ecosystem, aquatic vegetation provides a variety 62 

of important ecological services, including improving water clarity, stabilising sediments 63 

and providing food and habitats for aquatic animals.10 Unlike terrestrial plants, aquatic 64 

plants, particularly when fully submerged, are more likely to face problems of oxygen 65 

limitation. Reduced availability of oxygen for cell respiration is likely to limit energy 66 

production and negatively influence plant growth.11 Nanobubbles, which have superior 67 

oxygen/air transfer efficiency, are expected to assist aquatic vegetation to overcome such 68 

oxygen shortages; indeed, they have been used to improve plant seed germination,12 69 

biomass growth (e.g., lettuce and spinach)13,14 and crop yield (e.g., tomato)15. Moreover, it 70 

is reported that the nanobubbles in the water can stimulate endogenous ROS generation 71 

inside plants.16,17 An appropriate ROS level is required to activate plant proliferative 72 

pathways,18 and thus they can be considered to promote plant growth.16,17 Therefore, it is 73 

hypothesised that the presence of the nanobubbles during the water restoration could not 74 

only removal the pollutants but also benefit the aquatic plants restoration. 75 

However, as applied to water restoration, the parameters of nanobubble technology, 76 

such as the appropriate operation time and nanobubble concentrations, have not been 77 

precisely defined. This is important because excess oxygen and ROS levels are likely to 78 

result in oxidative damage that could overwhelm the plant’s oxidative stress response and 79 

negatively impact its metabolism.19 Indeed, intermittent micro/nanobubble aeration has 80 

been shown to cause oxidative damage to the root tip cells and thereby inhibit the growth of 81 
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spinach plants.20,21 Liu et al (2016) also reported that the exogenous hydroxyl radicals (·OH) 82 

resulting from high levels of nanobubbles in water decreased hypocotyl elongation and 83 

chlorophyll formation in carrot and spinach.16 Furthermore, in our previous research, we 84 

found that the submergent plant, Echinodorus amazonicus, gained 25% less biomass in 85 

micro/nanobubble-aerated water compared with plants aerated by macrobubbles, even with 86 

similar dissolved oxygen (DO) levels.22 Nevertheless, we hypothesise that the emergent 87 

aquatic plants, which dominate the vegetation of most shallow lakes and wetlands, may 88 

have a higher tolerance of nanobubbles as the majority of the plant biomass is above water 89 

level, but this has never been examined in detail. Therefore, a quantitative investigation of 90 

the effect of nanobubbles on the growth of both emergent and submergent aquatic plants 91 

will be crucial as a guide to the application of nanobubble technology to water restoration. 92 

It is further hypothesised that the plant physiological response, in terms of 93 

oxidant/antioxidant species generation, hormone production and gene expression, would be 94 

different for emergent and submergent aquatic plants. 95 

In this study, Iris pseudacorus (Iris) and E. amazonicus (Echinodorus) were selected 96 

as examples of indigenous emergent and submergent aquatic vegetation, respectively. The 97 

sediment and water were collected from a light-eutrophic reservoir as a growth medium for 98 

both plant species, which were then subjected to different nanobubble concentrations (106-99 

108 particles/mL). DO concentrations were kept at a similar level in plant cultures to 100 

investigate the effect of a single factor (i.e. nanobubble concentration). Plant morphology, 101 

e.g. biomass, root/leaf length and chlorophyll content, were monitored to evaluate the effect 102 

of nanobubbles on plant growth. We also assessed the characteristics of plant physiology, 103 

including oxidant/antioxidant species generation, gene expression patterns and hormone 104 
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production, to reveal the mechanisms of the plant response to nanobubble treatment. 105 

Overall, this study aimed to obtain the threshold nanobubble levels that support the growth 106 

of aquatic vegetation and provide evidence-based results to underpin the application of 107 

nanobubble technology to natural water restoration. 108 

2. Experimental Section 109 

2.1 Aquatic plant preparation and in-situ collection of sediment and water  110 

Water and sediment/soil were collected from a light-eutrophic reservoir with surface 111 

area 2.7 km2 and average water depth 3 m. The concentrations of total nitrogen and total 112 

phosphate in the water were around 1.05-2.27 and 0.06-0.16 mg/L, respectively. Algal 113 

blooms occur in the reservoir every summer with an algal density as high as 107 cells/mL. 114 

Nanobubble aeration was applied at the entrance of the reservoir, and subsequently 115 

combined with wetland areas. The sediment/soil samples were collected from the upstream 116 

of the reservoir, which located around 1.2 km from the entrance. Iris and Echinodorus are 117 

both prevalent native plants; seedlings of both species were bought from a local 118 

horticultural company (Rongyue Ltd., Shanghai, China). The initial height of the Iris was 119 

around 10 cm and the initial weight of the Echinodorus was around 20 g. 120 

2.2 Experimental setup and operation 121 

Iris and Echinodorus were cultivated at room temperature (25 ± 5℃) with a 10 h 122 

photoperiod per day (LED plant lamps, photosynthetic photon flux density 180 μmol m-2 s-1, 123 

150D, GAKO, China). Iris was cultivated hydroponically to simulate the floating bed 124 

system and subsequent constructed wetlands in this reservoir, which was grown in a 125 

polymethyl methacrylate tank with dimensions 55 × 18 × 30 cm in groups of 16 seedlings. 126 

Emergent seedlings were inserted into the holes of a styrofoam plate floating on water and 127 
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cultivated for 21 days. Echinodorus was grown in polymethyl methacrylate cylinders with 128 

an inner diameter of 35 cm and a height of 40 cm. Each cylinder contained three plant 129 

clusters. Submergent seedlings were cultivated in sediment for 40 days. Surface water (20 130 

L) from the reservoir was used in each tank or column. All plants were stabilised for three 131 

days prior to the experiment.  132 

The water condition was set to simulate the late stage of the nanobubble 133 

eutrophication remediation process. For both emergent and submergent plants, six parallel 134 

groups were prepared to investigate the effects of different nanobubble concentrations on 135 

plant growth. Each group had three replicates. The system without aeration treatment was 136 

set up as the control group. In the macrobubble (MAB) aeration group, normal air pump 137 

was conducted continuously. To achieve such different nanobubble concentrations, two 138 

most common methods, i.e. pressurisation and cyclone shear methods, were used in this 139 

experiment. It has been documented that there is no difference in the physicochemical 140 

properties of nanobubbles generated by the two methods except particle size and 141 

concentration20. The intermittent nanobubble aerations coupled with further dilution 142 

method were conducted in the nanobubble (NB) aeration groups (Table 1), which were 143 

categorized as low, medium, high and super-high NB groups according to different 144 

concentrations of nanobubble in the water.  145 

2.3 Nanobubble distribution and water quality measurement 146 

Each nanobubble aeration treatment was conducted in pure reservoir water with air as 147 

the gas source to simulate the experimental conditions before plant cultivation. Nanobubble 148 

size distribution (<1000 nm) from all groups were measured right after the intermittently 149 

aeration and/or dilution by dynamic light scattering using a NanoSight NS3000 instrument 150 
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(Malvern Panalytical, UK). Each measurement was replicated three times. During the 151 

experiment, temperature, pH, DO levels of the water in all groups were measured every two 152 

days using a YSI 556 multi-parameter system (Xylem Inc., USA). To avoid cross-153 

contamination, the probes were carefully cleaned with ultrapure water between 154 

measurements.  155 

Table 1 156 

Experimental conditions and aeration methodologies in different groups.  157 

Group Aeration  Method and Instrument 
Energy 

consumption 

Control No aeration - 0 

MAB Continuously aeration 
Air pump and porous diffuser  

(YTZ-312, YEE, 3W, China) 
150 W/m3 

L-NB 

0.4 L water was taken out 

daily for 2-min aeration and 

replenishment  

Pressurisation method (LF-1500, 

XINGHENG, 0.4L/min, 90W, 

China) 

6.25 W/m3 

M-NB 

4 L water was taken out daily 

for 10-min aeration and 

replenishment 

Pressurisation method (LF-1500, 

XINGHENG, 0.4L/min, 90W, 

China) 

31.25 W/m3 

H-NB 1-min aeration / 30 min 

Cyclone shear method (Ubble-

ed2.0, XINGHENG, 4 

L/min,100W, China) 

166.67 W/m3 

S-NB 1-min aeration / 30 min 

Pressurisation method (MF-5000, 

XINGHENG, 4 L/min, 500W, 

China) 

833.33 W/m3 

MAB, L-NB, M-NB, H-MB, S-NB represent macrobubble aeration, low, medium, high and 158 

super-high nanobubble aeration groups, respectively. 159 

2.4 Plant morphological and physiological responses 160 

2.4.1 Plant growth 161 

At the end of the experiment, all plants were harvested and the fresh weight, root/leaf 162 

length and chlorophyll content (HACH®, DR 6000, USA) were measured. The 163 

transplanting-survival rates (the percentage of plants that was alive after 7 days) and 164 

biomass growth ratios (the ratio of the final fresh weight divided by the initial fresh weight) 165 
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were calculated for the comparison between groups. Other measured parameters were based 166 

on the survived plants, which could avoid the bias of the initial stabilisation differences that 167 

wouldn’t happen in the real application. 168 

2.4.2 Oxidant and antioxidant species 169 

For each species of plant, 5 g tissue samples were taken randomly from leaves and 170 

roots; samples were mechanically homogenized in phosphate buffer at a mixing ratio of 171 

1:9 (w/v) on ice. The suspension was then centrifuged for 5 min at 12000 rpm at 4℃. In the 172 

presence of superoxide radical, hydroxylamine is oxidized to nitrite, which can be 173 

determined by adding 1 ml each of 17 mM sulphanilic acid and 7 mM 1-naphthalene acetic 174 

acid solutions to 1 ml reaction mixture. The components were mixed and after being left at 175 

room temperature for 20 min, A530 was measured to calculate the concentration of 176 

superoxide radical.23,24  177 

The total antioxidant capacity (T-AOC) was measured with a T-AOC assay kit 178 

(colorimetric method, A015, Nanjing Jiancheng Bioengineering Institute). The buffer 179 

solutions, ABT solution, peroxide solution, Trolox solution and samples were then 180 

prepared according to the manual of the assay kit, and then the OD value of each tube was 181 

read using a Synergy™ HT Multi-Mode Microplate Reader at a wavelength of 405 nm. All 182 

measurements were performed in triplicate. 183 

2.4.3 RNA sequencing analysis 184 

The transcriptome of the macrophytes from the MAB and nanobubble groups (at 185 

similar DO levels) was analysed after cultivation to obtain detailed expression profiles of 186 

genes involved in the response of the macrophytes to the growth conditions. The same 187 

amount tissues of three replications of each treatment were mixed together and used for 188 
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RNA-Seq experiments. The filtered differentially expressed genes (DEGs) were mapped to 189 

the GO database using GOseq25 to obtain significantly enriched GO terms. 190 

2.4.4 Plant hormones 191 

To understand the regulatory effect of plant hormones on plant growth and 192 

development, accurate and efficient measurements of individual plant hormones in leaves 193 

and roots are required. HPLC-ESI-MS/MS was used for quantitation of endogenous plant 194 

hormones, which included 3-indoleacetic acid (IAA), salicylic acid (SA), jasmonic acid (JA) 195 

and jasmonic acid-isoleucine (JA-ILE). For each species of plant, 5 g plant tissue 196 

samples were taken randomly from leaves and roots and separated tissues were frozen with 197 

liquid nitrogen, then lyophilized tissue samples were ground to a powder by high-speed 198 

agitation with ceramic beads for 5 s. Metabolites were extracted from ground tissues using 199 

acetonitrile-water (1:1, v/v) and then centrifuged for 10 min at 12000 rpm at 4℃. A portion 200 

(2 μL) of sample was loaded onto a HPLC system (AcQuity UPLC, Waters, USA) 201 

equipped with a 50*2.1 mm Waters HSS T3 LC–MS column using a flow-rate of 2 μL /min 202 

and a binary solvent system comprising water with 0.1% (v/v) acetic acid (A) and 203 

acetonitrile with 0.1% (v/v) acetic acid (B) as mobile phases. The primary parameters of 204 

electrospray ionization mass spectrometry (Q exactive, Thermo, USA) were as follows: 205 

voltage: -2800V; temperature: 350°C; gas: nitrogen; nebulizing gas: 40 psi; auxiliary gas: 206 

10 psi. All measurements were performed in triplicate. 207 

2.5 Statistical analysis 208 

The significance of differences in plant growth was analysed by one-way analysis of 209 

variance followed by Tukey’s HSD test with p < 0.05. For RNA sequencing analysis, the 210 

read counts were adjusted with the edgeR program package using a one-scaling normalized 211 
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factor prior to differential gene expression analysis.26 The p-value was adjusted using q-212 

value, and the threshold for significantly different expression was set as “q-value<0.005 & 213 

|log2 (foldchange) |>1”.27 Origin 2018b (OriginLab, Northampton, MA, USA) was used for 214 

plotting.  215 

3. Results and Discussion 216 

3.1 Nanobubble generation and DO level in water 217 

The mean particle sizes of the nanobubbles from the nanobubble aeration groups 218 

were similar and fell in to a range of 187.7-222.7 nm (Fig. 1). The concentration of 219 

nanobubbles (<1000 nm) was 6.88×106 particles/mL in the L-NB group (Fig. 1a) and 220 

1.23×107 particles/mL in the M-NB group (Fig. 1b). Higher nanobubble concentrations 221 

were observed in the H-NB and S-NB groups with 3.45×107 and 2.70×108 particles/mL, 222 

respectively (Fig. 1c and d). Notably, the control and macrobubble groups consistently 223 

contained <105 particles/mL nanobubbles (data not shown). In the practical application, 224 

high concentrations of nanobubble (up to 108 particles/mL) could be formed in the water 225 

close to the nanobubble pump during the eutrophication remediation. However, the 226 

concentrations would be decreased along with the increased distance from the pump due to 227 

the dilution effect and nanobubble consumptions, e.g. oxidation with organic pollutants. 228 

Therefore, the whole range of the nanobubble concentrations, ranging from 105 229 

particles/mL (the background concentration) to 108 particles/mL, was conducted in this 230 

study to investigate the effect of the nanobubble on the aquatic plant growth. 231 

Fig. S1 showed the difference of the DO levels in all groups, which was positively 232 

affected by the timing of nanobubble generation21. However, under current operations in 233 

this study, the DO levels in all groups fell into a relatively small range of 7.08-7.65 and 234 
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7.01-7.26 mg/L in Iris and Echinodorus cultures, respectively (Table 2). For both plants, 235 

similar DO levels were observed in control, L-NB and M-NB groups, with statistically 236 

lower values than those in other groups. The fluctuation of DO levels during the experiment 237 

was relatively greater in the emergent Iris groups than the submergent Echinodorus groups 238 

(Fig. S1). In addition, no significant difference in pH levels was observed among all Iris 239 

groups. However, pH level increased slightly along with the increased nanobubble 240 

concentration in the groups cultivated with Echinodorus (Fig. S2). Specifically, the average 241 

pH in the S-NB group (8.68 ± 0.08) was higher than that (8.41 ± 0.14) in the control group, 242 

which may be induced by the positive growth response of Echinodorus to the NB aeration 243 

(Fig. S2). 244 

During aeration, the bubble size distribution affects the DO content in water, because 245 

bubbles of a smaller size have a proportionally greater surface area than large bubbles and 246 

can give a better oxygen transfer rate. However, perhaps controversially, in the current 247 

investigation nano-scale bubble aeration did not result in a very high DO level in water. It 248 

may be caused by the short-time operation of the nanobubble generation machine.’ 249 

Moreover, previous studies have observed that nanobubbles are stable for days.28,29 Atomic 250 

force microscopy (AFM) has also detected heterogeneous pressures inside nanobubbles, 251 

which was modelled in a molecular dynamics simulation as a high-gas-density state.30 The 252 

oxygen inside nanobubbles may exist as an aggregation rather than the phase of dissolved 253 

oxygen, and the diffusion of the oxygen inside nanobubbles is likely to be slow and to take 254 

place over a long period of time. Thus, traditional instantaneous measurements of the DO 255 

level of water samples can detect the dissolved phase of oxygen, but may not fully reflect 256 

the total contribution of nanobubbles to any increase in gas transfer.  257 
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 258 

 259 

Figure 1. Nanobubble size distribution in L-NB (a), M-NB (b), H-NB (c) and S-NB (d) 260 

groups. L-NB, M-NB, H-MB, S-NB represent low, medium, high and super-high 261 

nanobubble concentration groups, respectively. 262 

Table 2  263 

The average DO levels in water during the cultivation of both aquatic plant species. 264 

MAB, L-NB, M-NB, H-MB, S-NB represent macrobubble aeration, low, medium, high and 265 

super-high nanobubble concentration groups, respectively. Error bars indicate standard 266 

 Dissolved oxygen (mg/L) 

  Control MAB L-NB M-NB H-NB S-NB 

Iris 
7.08 ± 

0.50b 

7.49 ± 

0.56ab 

7.13 ± 

0.45b 

7.29 ± 

0.47ab 

7.52 ± 

0.65ab 

7.65 ± 

0.61a 

Echinodorus 
7.01 ± 

0.25b 

7.21 ± 

0.19ab 

7.02 ± 

0.30b 

7.08 ± 

0.27ab 

7.26 ± 

0.18a 

7.23 ± 

0.19ab 



14 

 

deviations. The superscript letters indicate significant differences (p < 0.05) compared with 267 

other groups of the same plant.  268 

3.2 Plant morphology response to nanobubbles 269 

For Iris, the transplant-survival rates were 68.8%, 81.3% 81.3%, 93.8%, 100% and 270 

100% for the control, MAB, L-NB, M-NB, H-NB and S-NB groups, respectively. The 271 

biomass growth ratios were higher in all nanobubble treatment groups (1.39 ± 0.15 - 1.54 ± 272 

0.08), followed by the macrobubble-aerated group (1.32 ± 0.14) and the control group (1.28 273 

± 0.09) (Fig. 2a). In the nanobubble aeration groups, the plant biomass growth ratio 274 

increased along with increasing nanobubble concentration and reached the highest value of 275 

1.54 ± 0.08 in the H-NB group (nanobubble concentration of 3.45 × 107 particles/mL). 276 

However, after further increasing of the nanobubble concentration (2.70 × 108 particles/mL) 277 

in the S-NB group, the biomass growth ratio reduced to 1.41 ± 0.14, the significant 278 

difference were observed between H-NB and S-NB groups (Figure 2a, p<0.05).  In 279 

summary, the plant biomass growth ratios in the MAB, L-NB, M-NB, H-NB and S-NB 280 

groups were 3%, 8%, 14%, 20% and 9.5% higher than that in the control group, 281 

respectively. The length of the Iris root followed a similar trend with average root lengths 282 

of 12.04 ± 2.24, 13.78 ± 2.51, 14.29 ± 2.71 and 14.31 ± 2.09 cm in the L-NB, M-NB, H-283 

NB and S-NB groups (Fig. 2b and Fig. S3), compared with the macrobubble-aerated group 284 

(10.59 ± 2.26 cm) and the control group (10.44 ± 3.12 cm). No significant difference in leaf 285 

length or chlorophyll content between the various groups of Iris was observed, which may 286 

be due to the emergent plant leaf being out of the water and therefore less likely to be 287 

influenced by the nanobubbles in the water. The growth of the root, which is in direct 288 

contact with the nanobubbles, may be promoted by the increased aerobic respiration of the 289 

plant, which could cause new root formation.31–33  290 
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Regarding the submergent species, Echinodorus, the transplant survival rate was 291 

100%. The biomass growth ratios (around 1.5) in all macrobubble- and nanobubble-aerated 292 

groups were not significantly different (Fig. 2c). However, these values were generally 293 

significantly higher than that of the control group (1.24 ± 0.14). The length of both root and 294 

leaf in these groups followed the same trend. Although a similar biomass increase was 295 

observed in all aerated groups, some degradation of chlorophyll content and yellowing 296 

occurred in nanobubble-aerated groups (Fig. 2d), which is consistent with our previous 297 

study22. The threshold nanobubble concentration required to affect the chlorophyll content 298 

was identified in the M-NB group (1.51 mg/g FW). The excess nanobubbles present in the 299 

H-NB (3.45×107 particles/mL) and S-NB (2.70×108 particles/mL) groups drove the 300 

chlorophyll content significantly lower (1.29 and 0.72 mg/g FW, respectively), supporting 301 

the notion that photosynthesis is likely to be adversely affected by high concentrations of 302 

nanobubbles. 303 

The submergent and emergent plants exhibited a different response to nanobubbles, 304 

with the emergent species seeming to have a higher tolerance, which may be due to the 305 

different spatial locations of plant parts and/or species-specific antioxidant capacity.22 306 

Nevertheless, it can be concluded that aquatic plant growth can benefit from exposure to 307 

certain concentrations of nanobubbles, but overdosing with nanobubbles can damage plant 308 

growth (biomass) and health (chlorophyll content).   309 
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 310 

Figure 2. Biomass growth ratio of Iris (a) and Echinodorus (c), average root length of Iris 311 

(b), and chlorophyll content of Echinodorus (c) at the end of the experiment. MAB, L-NB, 312 

M-NB, H-MB, S-NB represent macrobubble aeration, low, medium, high and super-high 313 

nanobubble concentration groups, respectively. Error bars indicate standard deviations. The 314 

different letters indicate significant differences (p < 0.05) compared with other groups of 315 

the same plant. 316 

3.3 Effect of nanobubbles on plant physiology 317 

3.3.1 Reactive oxygen species (ROS) and total antioxidant capacity (T-AOC) 318 

Besides changes in morphology, plants can also modify their physiology in response 319 

to differences in environmental conditions, including in temperature, light and growth 320 

media. A growth medium with a high level of DO34 and/or oxidising substances16,17 is 321 
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likely to stimulate endogenous ROS generation within plant tissues and thus to promote 322 

plant growth.18 Accordingly, in the current investigation the concentrations of ROS 323 

(superoxide radical (•O2
-)) in Iris were significantly higher in MAB and nanobubble 324 

treatment groups (6.12-7.49 and 2.35-6.33 μg/g FW in the leaf and root, respectively) 325 

compared with that (4.87 and 1.79 μg/g FW in the leaf and root, respectively) in the control 326 

group (Fig. 3a), with the only exception being the S-NB group (3.55 μg/g FW in the leaf). 327 

Notably, the highest ROS levels appeared in the H-NB group and then decreased at the 328 

higher nanobubble concentration in the S-NB group. This may be due to the increased 329 

levels of ROS accumulating within plants, which thereby induce oxidative stress. This is in 330 

line with the biomass results (Fig. 2a), where the highest Iris biomass was found in the H-331 

NB group. In response to extremely oxidising conditions, the plant oxidative stress 332 

response will be stimulated, leading to an increase in total antioxidant capacity (T-AOC), 333 

which will act to maintain ROS at an appropriate level.19 In root, the T-AOC increased 334 

consistently with nanobubble concentration from 9.79 U/g FW in the control group to 335 

around 26 U/g FW (MAB, L-NB and M-NB groups) and 50.79 U/g FW in the H-NB group, 336 

and reached the highest level (84.96 U/g FW) in the S-NB group (Fig. 3b). In the leaf, T-337 

AOC content showed a similar trend and increased from approximately 170 U/g FW to 230 338 

U/g FW. The increase in ROS scavengers under highly oxidizing conditions18 may explain 339 

the significantly lower ROS concentration in the S-NB plants compared to the H-NB group 340 

(Fig. 3a).  341 

Echinodorus is expected to behave differently to the emergent species, Iris, because 342 

the whole plant grows under the water and thus has direct contact with nanobubbles. 343 

Because there was insufficient Echinodorus root for measurements, ROS and T-AOC 344 
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contents were only tested in leaves. The superoxide radical (•O2
-) content in the leaf, 345 

compared to the control (23.76 μg/g FW), increased in the macrobubble-aerated group 346 

(27.28 μg/g FW), and increased with nanobubble concentration in the L-NB (27.32 μg/g 347 

FW) and M-NB (32.42 μg/g FW) groups. However, the content then decreased to 28.73 348 

μg/g FW and 22.95 μg/g FW in the H-NB and S-NB groups, respectively (Fig. 3c). The 349 

same trend was also observed for T-AOC content in the leaves, but with the highest value 350 

(125.51 U/g FW) in the H-NB group, decreasing to 105.23 U/g FW in S-NB plants (Fig. 351 

3d).   352 

Thus, because DO levels were similar in the MAB and nanobubble groups, the above 353 

effect on plant oxidant and antioxidant levels is probably due to the presence of 354 

nanobubbles. A previous study reported a consistent increase in antioxidant enzyme activity 355 

in soybean after 48 h exposure to increased oxidative stress,35 consistent with our present 356 

findings. While oxygen promotes plant growth, this may become hyperoxia stress when the 357 

concentration of nanobubbles in the water exceeds 3.45×107 and 1.23×107 particles/mL for 358 

Iris and Echinodorus, respectively. It is worth noting that the thresholds for other plants 359 

may be different due to species-specific antioxidant capacities for each plant.22 360 
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 361 

Figure 3. Superoxide radical concentration (a) and total antioxidant capacity (T-AOC) (b) 362 

in the leaf and root of Iris; superoxide radical concentration (c) and T-AOC (d) in the leaf 363 

of Echinodorus at the end of the experiment. MAB, L-NB, M-NB, H-MB and S-NB 364 

represent macrobubble aeration, low, medium, high and super-high nanobubble 365 

concentration groups, respectively. Error bars indicate standard deviations. The different 366 

letters indicate significant differences (p < 0.05) compared with other groups of the same 367 

plant. 368 

3.3.2 Transcriptional response 369 

Based on the effects on plant morphology, Iris from the MAB and H-NB groups, and 370 

Echinodorus from the MAB and S-NB groups, were selected to identify differentially 371 
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expressed genes (DEGs) that respond to nanobubble and macrobubble treatment at similar 372 

DO levels. In total, 1321 upregulated and 1074 downregulated unigenes were identified 373 

from Iris in the H-NB group, compared to MAB plants (Fig. 4a). The molecular functions 374 

of these genes are indicated by the associated GO terms, and several that were significantly 375 

enriched in Iris plants relate to oxygen binding, transfer and reduction (Fig. 4b). Plants use 376 

hemoglobins to bind and transfer oxygen efficiently,36 which is then used for respiration. 377 

The upregulation of genes related to “heme binding”, “tetrapyrrole binding” and “iron ion 378 

binding” points to an enhanced ability to use oxygen in nanobubble-treated plants. In 379 

addition, the term “oxidoreductase activity, acting on paired donors, with incorporation or 380 

reduction of molecular oxygen” was also enriched, which indicates that the plants have 381 

received excessive molecular oxygen, leading to the genes involved in the reduction of 382 

molecular oxygen being overrepresented. The enhancement of oxygen delivery to plants 383 

induces ROS production (Fig. 3a), consistent with a group of 141 genes under the 384 

“oxidation-reduction process” umbrella being the most dominant group in the biological 385 

processes category; of these, 103 were upregulated unigenes and 38 were downregulated 386 

(Fig. 4b, Table S1). In addition, most genes related to “defense response” and “response to 387 

stress” in the biological process category were also upregulated, implying that the 388 

nanobubbles induce hyperoxia stress (Fig. 4b).  389 
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 390 

Figure 4. (a) Gene expression changes in Iris plants of the H-NB group (DO = 7.52 ± 0.65 391 

mg/L) compared with the MAB group (DO = 7.49 ± 0.56 mg/L). (b) Significantly enriched 392 

Gene Ontology (GO) classification of differentially expressed genes (p<0.05).   393 

In Echinodorus, there were significantly more downregulated (4209) than 394 

upregulated (2140) genes in plants from the S-NB group compared to the MAB group (Fig. 395 

5a). The submergent nature of Echinodorus, meaning that it was completely immersed in 396 

the bulk nanobubble water, may lead to more oxygen stress than in Iris and the subsequent 397 

breakdown of the antioxidant system. Thus, 131 upregulated unigenes and 359 398 

downregulated unigenes were found under the ‘oxidation-reduction process’ heading 399 

(Table S2). In addition, most genes related to photosynthesis, such as ‘thylakoid’, 400 

‘thylakoid membrane’, ‘photosystem’ and ‘photosynthetic membrane’, were downregulated 401 

(Fig. 5b). The chloroplast structure was severely damaged and chlorophyll content 402 

significantly decreased at high nanobubble concentrations (Fig. 2d and Fig. 5b), which is 403 
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also consistent with hyperoxia stress. It has been documented that the rate of 404 

photosynthesis can be inhibited by high oxygen concentrations.37–39 Oxygen is a 405 

competitive inhibitor of carbon dioxide fixation and can result in a significant decrease (up 406 

to 60%) in photosynthetic efficiency and photosynthetic output.40 Therefore, genes with the 407 

‘metabolic process’ term were downregulated, in accordance with a reduction in plant 408 

physiological activity. In our previous experiments, the growth of Echinodorus was 409 

significantly inhibited (25%) after 60 days cultivation at a high nanobubble concentration.22    410 

In summary, RNA sequencing analysis shows that the ability to bind, transfer and 411 

reduce oxygen and the stress resistance capacity in Iris were enhanced by nanobubble 412 

treatment compared with macrobubble treatment at a similar DO level. However, the 413 

antioxidant system of Echinodorus collapsed and both photosynthesis and general 414 

metabolic processes were inhibited.  415 

  416 
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Figure 5. (a) Gene expression changes of Echinodorus in the S-NB group (DO = 7.23 ± 417 

0.19 mg/L) compared with the MAB group (DO = 7.21 ± 0.19 mg/L). (b) Significantly 418 

enriched Gene Ontology (GO) classification of differentially expressed genes (p<0.05).   419 

3.3.3 Plant hormone generation 420 

Diverse aspects of plant growth and development are controlled by the plant hormone 421 

network, which allows plants to adapt and survive in highly dynamic natural environments, 422 

including the change of the oxygen level.41 At similar DO levels in the MAB and 423 

nanobubble groups, the 3-indoleacetic acid (IAA) contents in both plant species were 424 

significantly higher in nanobubble treatment groups (M-NB, H-NB and S-NB) than in the 425 

MAB group. Moreover, the IAA content increased with increasing nanobubble 426 

concentration from 31.25 ng/g (MAB group) to 84.63 ng/g (S-NB group) for Iris, and 1.04 427 

ng/g (MAB group) to 1.55 ng/g (S-NB group) for Echinodorus (Table 3). IAA can promote 428 

root initiation and induces both growth of pre-existing roots and adventitious root 429 

formation.42 Therefore, the alteration in the plant root architecture was probably achieved 430 

largely through the high levels of IAA (Fig. 2b, Fig. S3),43 which thereby promoted an 431 

increase in biomass (Fig. 2a). In addition, the chlorophyll degradation (photosynthesis 432 

damage) we observed may also be related to the increased IAA levels in Echinodorus (Fig. 433 

2d and Fig. 5b). This is supported by a previous study, which showed that the chloroplast 434 

membrane system was less developed and the chlorophyll content was lower in wheat 435 

coleoptiles treated with IAA.44 Endogenous ROS generation in plants mainly results from 436 

side-reactions of the photosynthesis process,45 and therefore IAA is likely to reduce ROS 437 

generation in the S-NB group by remodelling the photosynthetic apparatus and thereby 438 

minimizing oxidative damage (Fig. 2d and Fig. 5).41  439 
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Moreover, the levels of salicylic acid (SA), jasmonic acid (JA) and jasmonic acid-440 

isoleucine (JA-ILE), which play important roles in plant responses to a wide range of biotic 441 

and abiotic stresses,46 also significantly increased in the nanobubble groups (Table 3). SA 442 

content reached the highest levels in the S-NB group in both plant species, while JA and 443 

JA-ILE content first increased with increasing nanobubble concentration, and then 444 

decreased in the S-NB group. These elevated hormone levels further demonstrate that 445 

nanobubbles cause hyperoxia stress in plants, which trigger plant defences and promote 446 

physiological adaptation.  447 

The results described so far indicate that exposure to nanobubbles can alter redox 448 

homeostasis, gene expression and hormone generation in plants. Previous studies show that 449 

the ROS signalling pathway consists of an elaborate network that exhibits frequent 450 

crosstalk with gene47 and hormone41 pathways. The endogenous ROS induced by 451 

nanobubbles can thus regulate the growth and development of plants in concert with T-452 

AOC, genes and plant hormones.  453 

Table 3 454 

Hormone changes in plants of different groups with similar DO levels. 455 

 Phytohormone (ng/g)  

  IAA  SA JA JA-ILE 

Iris 

root 

MAB 31.25 ± 2.40d 55.21 ± 2.74b 1.73 ± 0.08d 1.40 ± 0.05c 

M-NB 44.73 ± 1.90c 58.37 ± 3.87b 6.35 ± 0.35b 2.06 ± 0.21b 

H-NB 56.18 ± 2.47b 52.47 ± 4.47b 8.44 ± 0.42a 3.41 ± 0.34a 

S-NB 84.63 ± 2.64a 87.34 ± 2.56a 3.90 ± 0.12c 3.15 ± 0.31a 

Echinodorus 

leaf 

MAB 1.04 ± 0.08c / 5.10 ± 0.39c 2.54 ± 0.26a 

M-NB 1.12 ± 0.15c / 9.90 ± 2.89b 3.01 ± 0.62a 

H-NB 1.39 ± 0.02b 2.96 ± 0.09b 16.61 ± 1.14a 2.39 ± 0.16a 

S-NB 1.55 ± 0.04a 3.50 ± 0.17a 2.43 ± 0.31d 0.98 ± 0.28b 

IAA, SA, JA, JA-ILE represent 3-indoleacetic acid, salicylic acid, jasmonic acid, jasmonic 456 

acid-isoleucine, respectively. Error bars indicate standard deviations. The different letters 457 

indicate significant differences (p < 0.05) compared with other groups of the same plant. 458 



25 

 

3.4 Overall mechanisms 459 

The principal component analysis (PCA) was used to visualise the effect of 460 

nanobubble concentrations on plant growth responses (Fig. 6a and b). The growth medium 461 

conditions (DO and nanobubble concentrations), plant morphology parameters (biomass 462 

growth ratio and root length for Iris, biomass growth ratio and chlorophyll content for 463 

Echinodorus), and plant physiology parameters (ROS and T-AOC for Iris leaf and root, and 464 

for Echinodorus leaf) were included in the analysis.  465 

For both species (Fig. 6a and b), the factor of nanobubble concentration clearly drives 466 

the S-NB groups away from other groups in the coordinate. Closer examination of the 467 

Echinodorus data (Fig. 6b) shows that the H-NB groups also follow the direction of the 468 

nanobubble concentration factor, causing them to differentiate from other groups. This 469 

agrees with our results showing that the nanobubble concentration thresholds that 470 

significantly influence the growth of Iris and Echinodorus are likely 3.45×107 particles/mL 471 

(H-NB group) and 1.23×107 particles/mL (M-NB group), respectively: below the threshold, 472 

increasing nanobubble concentration can significantly improve plant growth (Fig. 2). The 473 

patterns of other groups cluster together in a right-up direction for both species (Fig. 6) as 474 

the nanobubble concentration increases (from control to MAB and to H-NB groups). 475 

Biomass growth ratio, ROS (for Iris root or Echinodorus leaf), root length (Iris) and 476 

chlorophyll content (Echinodorus) are the main factors contributing to the right-up 477 

direction. Endogenous ROS appears to be a major factor affecting plant biomass (Fig. 6), 478 

which is consistent with the improvement in plant performance that can occur with 479 

appropriate levels of ROS. In addition, the increase in nanobubble concentration 480 

contributed to the T-AOC content increase in Iris leaf and root (Fig. 6a), but chlorophyll 481 
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content changed in the opposite direction, i.e. decreased, with nanobubble concentration in 482 

Echinodorus (Fig. 6b).  483 

The emergent species clearly has a higher tolerance of nanobubbles. Although the DO 484 

levels in all groups were similar, the enhanced oxygen delivery in water resulting from the 485 

stability and high gas density of nanobubbles48,49 may promote plant aerobic respiration and 486 

the generation of endogenous ROS in plants, resulting in the increase of antioxidant 487 

capacity in plants and superior plant growth. However, when the nanobubble concentration 488 

exceeds the threshold, the toxicity of oxygen will become dominant and induce hyperoxia 489 

stress, particularly in submergent plants, which may result in collapse of the antioxidant 490 

system and the inhibition of photosynthesis. The physiological responses of the aquatic 491 

plants may also be caused by the oxidation substances, such as the free radicals released 492 

from the nanobubble. Further studies are needed to investigate the free radicals and their 493 

interactions with the relevant hyperopia stress of aquatic plants. 494 

 495 

Figure 6. Principal component analysis (PCA) of results from the morphological and 496 

physiological responses of Iris (a) and Echinodorus (b) in the various groups. The points 497 
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from different experimental groups in the same circle represent their clear differences with 498 

the data points in other circles during the PCA analysis. 499 

Bulk nanobubble and interfacial nanobubble technology have both been used for the 500 

restoration of eutrophic and black-odour water in recent years. As a sustainable and 501 

efficient technology, nanobubble technology offers many advantages with respect to 502 

internal nutrient loading control, HAB removal and water quality improvement. Generally, 503 

using a higher concentration of nanobubbles or pure oxygen nanobubbles results in a 504 

greater improvement in water quality. However, natural water restoration is a systematic 505 

process, of which the restoration of aquatic vegetation following an improvement in the 506 

water quality is an important part. Our results demonstrate that nanobubbles can promote 507 

plant aerobic respiration and the generation of endogenous ROS in plants, which improve 508 

plant growth. The energy consumption (31.25 W/m3) in the M-NB group was one fifth of 509 

that (150 W/m3) in the MAB group (Table 1), but exhibited a better performance in 510 

promoting plant growth. Nevertheless, extremely high nanobubble concentrations induce 511 

hyperoxia stress and inhibit plant physiological activity, such as oxidation-reduction, 512 

photosynthesis and metabolic processes. Notably, the identified thresholds for the aquatic 513 

plants were confirmed under experimental conditions with the homogenised nanobubble 514 

concentration. The nanobubble concentrations would vary in different areas of the natural 515 

waters, which need to be considered when using the current finding to guide the practical 516 

application. 517 

4. Conclusion 518 

This study investigated the morphological and physiological response of both 519 

emergent (Iris) and submergent (Echinodorus) aquatic plants during the later stage of the 520 
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nanobubble-induced water restoration process. This study demonstrated the nanobubble 521 

concentration thresholds for the switch from growth promotion to growth inhibition are 522 

3.45×107 and 1.23×107 particles/mL for Iris and Echinodorus, respectively. The growth of 523 

both aquatic plants was promoted, under this threshold, due to the improved aerobic 524 

respiration and the generation of ROS in plants. However, excessed nanobubbles could 525 

induce hyperoxia stress, affect the expression of genes and the generation of relevant 526 

hormones. Therefore, using a higher concentration of nanobubbles could achieve the 527 

effective water quality improvement, however, appropriate concentrations of nanobubble 528 

(approximate 107 particles/mL) should be controlled to facilitate the aquatic vegetation 529 

growth towards throughout eutrophication management and water restoration. Meanwhile, 530 

the potentially different thresholds for other aquatic vegetation species should be further 531 

studied. 532 
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