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Nanobubble & Plasma Water Technology in Aquaculture

Abstract
Nanobubble and plasma-activated water technologies are emerging as promising tools to improve water quality, fish health, and productivity in aquaculture. The unique properties of nanobubbles, including prolonged residence time and high gas transfer efficiency, enable them to enhance dissolved oxygen levels, improve water quality, and help control pathogenic microorganisms. Plasma activated water (PAW) is produced by exposing water to non-thermal plasma and is a complex mixture of reactive species that has been successfully used in the disinfection of waters, promotion of fish growth and immunity. This review provides an overview of the principles, generation methods, and possible applications of nanobubble and plasma water technologies in aquaculture. This perspective evaluates the roles of these technologies to improve aquaculture efficiency, their opportunities and challenges and future research directions needed for this important technology advancement to help transition the aquaculture industry towards more sustainable and environmentally friendly practices.
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Introduction
Aquaculture, the farming of aquatic organisms in controlled and semi-controlled environments, plays a crucial role in meeting the world's growing demand for protein. But these booming aquaculture systems have come at a price: declining water quality and disease have become increasingly common problems (Mramba, R.P. and Kahindi, E.J., 2023). These new technologies are no longer experimental and the best way forward for the sustainable development of aquaculture (Devi et al., 2025). The use of nanobubbles and plasma activation of water in aquaculture systems can significantly improve water quality, fish health, and productivity (Yaparatne et. al., 2024).
Nanobubbles are bubbles with diameter less than 200 nm. Nanobubbles have unique properties, including high stability, extended residence time, and a large surface-area-to-volume ratio. Such features enable nanobubbles to act with high efficacy in gas solubilisation, reactive oxygen species production, and biology interaction. The use of nanobubbles for environmental management such as aquaculture, which offers applications in water quality parameters (e.g., dissolved oxygen) and the degradation of toxic compounds such as ammonia and nitrite has also been explored with studies indicating that nanobubble aeration can significantly reduce total ammonia nitrogen levels in shrimp farming environments (Susanti et al., 2021)https://dummy-citation.com/citation?d=. Furthermore, the high internal pressure and stability of these micro-scale gas pockets facilitate the efficient oxidation of organic matter and the suppression of pathogenic bacteria, thereby reducing reliance on chemical therapeutics (Nghĩa et al., 2022)https://dummy-citation.com/citation?d=%3D%3D.
Plasma-activated water (PAW) is a solution created by saturating cold distilled water with non-thermal plasma, which induces the generation of reactive species, including hydrogen peroxide, nitrites and reactive oxygen and nitrogen species. PAW possesses strong antimicrobial properties and plant growth-stimulating activity. In the aquaculture field, PAW is used as a water disinfectant to control pathogen disease and promote fish growth. Specifically, the reactive oxygen and nitrogen species generated during plasma activation can effectively inactivate harmful microorganisms such as Vibrio parahaemolyticus, thereby enhancing biosecurity without altering the chemical composition of the cultured product (Vichiansan et al., 2023)https://dummy-citation.com/citation?d=%2B9Y2FudCBhdHRlbnRpb24gYW1vbmcgcmVzZWFyY2hlcnMgYXMgYW4gaW5ub3ZhdGl2ZSBhbHRlcm5hdGl2ZSB0ZWNobm9sb2d5IGZvciB2YXJpb3VzIHJlc2VhcmNoIGFwcGxpY2F0aW9ucy4gT25lIG9mIHRoZSBrZXkgaGlnaGxpZ2h0cyBvZiBQbGFzbWEgVGVjaG5vbG9neSBpcyBpdHMgQ2xlYW4gVGVjaG5vbG9neSBhc3BlY3QsIHdoaWNoIGZvY3VzZXMgb24gZW5oYW5jaW5nIGFuZCByZe%2B%2FvW5pbmcgdGhlIHN1cmZhY2UgcHJvcGVydGllcyBvZiB0aGUgdGFyZ2V0IHByb2R1Y3Qgd2l0aG91dCBhbHRlcmluZyBpdHMgY2hlbWljYWwgY29tcG9zaXRpb24uIEJ5IGNvYXRpbmcgcGxhc21hIG9uIHRoZSBzdXJmYWNlLCB0aGUgdGVjaG5vbG9neSBjYW4gZWZmZWN0aXZlbHkgbWFuYWdlIGltcHVyaXRpZXMgcHJlc2VudCBvbiByYXcgbWF0ZXJpYWxzLCBvZmZlcmluZyBhbiBhZGRpdGlvbmFsIG1ldGhvZCB0byBpbXByb3ZlIHRoZSBl77%%3D. This non-thermal approach operates at ambient temperatures, ensuring that the treatment does not induce thermal stress on aquatic species while maintaining high bactericidal efficiency and environmental friendliness (Zhang et al., 2024)https://dummy-citation.com/citation?d=%.
Thus, the objective of this review considered to provide a general overview of nanobubbles and plasma water technologies and its application in aquaculture. The submission will also discuss the implications of nanobubble & plasma water technology operation and its potential benefits, challenges, and future research directions to develop sustainable aquaculture. By integrating these advanced oxidation technologies, producers can minimize the environmental footprint of aquaculture operations while enhancing productivity and disease resistance (Hadinoto et al., 2022; Nghĩa et al., 2022)https://dummy-citation.com/citation?d=%3D%3D. The integration of these advanced oxidation processes represents a paradigm shift toward precision aquaculture, where water quality is dynamically controlled through physical and chemical means rather than traditional chemical inputs (Thirumdas et al., 2018; Zorzi et al., 2023)https://dummy-citation.com/citation?d=%3D%3D. This transition is particularly relevant as plasma-activated water technology leverages the interaction between plasma and water to generate stable reactive species such as nitrate ions, nitrite ions, hydrogen peroxide, and peroxynitrite ions (Vikas & Kumar, 2023)https://dummy-citation.com/citation?d=%%2BMzwvc3ViPsuJIGlvbnMsIE5PPHN1Yj4yPC9zdWI%2By4kgaW9ucywgSDxzdWI%2BMjwvc3ViPk88c3ViPjI8L3N1Yj4sIGRpc3NvbHZlZCBPPHN1Yj4zPC9zdWI%%2BKCgiksIGRpc3NvbHZlZCBvem9uZSAoT%2BKCgyksIHBlcm94eW5pdHJpdGUgKE9OT0%%3D%3D.
Nanobubble Technology
2.1. Principles and Generation Methods
Nanobubbles are tiny gas-filled cavities, typically ranging from tens to hundreds of nanometers in diameter, distinguishing them from larger microbubbles or macrobubbles. Table 1 compares various nanobubble generation methods, highlighting their principles, advantages, and limitations. These nanoscale bubbles exhibit extraordinary physicochemical properties that set them apart in aqueous environments, making them highly relevant for applications in water treatment and aquaculture. Unlike conventional bubbles, which quickly rise to the surface due to buoyancy, nanobubbles demonstrate exceptional stability and can remain suspended for extended periods often days or even weeks. This longevity is attributed to their minuscule size, which minimizes buoyant forces governed by Stokes' law, where the terminal velocity of a bubble is proportional to the square of its radius. Consequently, nanobubbles remain dispersed throughout the water column, facilitating sustained interactions with dissolved substances and biological entities. Nanobubbles have a large surface-area-to-volume ratio orders of magnitude higher than that of larger bubbles, which enhances interfacial reactions and promotes efficient gas dissolution, mass transfer, and chemical reactivity. (Nghĩa et al., 2022)https://dummy-citation.com/citation?d=%3D. 


Table 1: Comparison of nanobubble generation methods
	Method
	Principle
	Advantages
	Disadvantages

	Hydrodynamic cavitation
	High-speed liquid flow through constricted areas
	Simple, energy-efficient, scalable
	Limited control over bubble size

	Ultrasonic cavitation
	Acoustic waves create cavitation bubbles
	Precise control over bubble size
	High energy consumption, limited scalability

	Electrochemical generation
	Electrolysis of water generates hydrogen nanobubbles
	High purity, controllable bubble size
	Complex setup, limited gas options


A key factor contributing to nanobubble stability is their negatively charged surface, characterized by a high zeta potential. This electrostatic repulsion prevents coalescence, as like-charged bubbles repel each other, thereby preserving their diminutive size and preventing aggregation into larger, unstable forms. Research highlights that this zeta potential arises from the adsorption of hydroxide ions (OH⁻) at the gas-water interface, creating a robust electrical double layer that counters van der Waals attractions (Nghĩa et al., 2022)https://dummy-citation.com/citation?d=%3D. Nanobubbles also exhibit unique internal dynamics, such as high internal pressure (up to several hundred atmospheres) due to Laplace pressure, expressed as ΔP = 2σ/r, where σ is the surface tension and r is the bubble radius. This pressure stabilizes the bubbles against dissolution while enabling the generation of reactive oxygen species at the interface through localized cavitation or charge separation. These properties collectively enable nanobubbles to outperform traditional aeration methods in oxygen transfer efficiency and pollutant oxidation, crucial for maintaining optimal water quality in intensive aquaculture systems. Specifically, the elevated magnitude of zeta potential creates repulsion forces that prevent bubble coalescence, thereby contributing to the stabilization of the gas pockets within the liquid medium (Jia et al., 2023; Tekile et al., 2016)https://dummy-citation.com/citation?d=%%%3D. The thermodynamic metastability of these charged cavities is further reinforced by charge enrichment at the interface, which creates an electric field energy that establishes a local minimum in the free-energy cost of bubble production (Sakr et al., 2025)https://dummy-citation.com/citation?d=%3D. This electrostatic stabilization mechanism is further evidenced by the tendency for zeta potential negativity to increase with solution pH, resulting in greater bubble surface charge and enhanced stability due to repulsive forces (Wu et al., 2021)https://dummy-citation.com/citation?d=.
Nanobubbles can be generated through various mechanisms, each tailored to specific scalability and energy requirements. Figure 1 provides a schematic overview of the major nanobubble generation routes discussed in this section. Hydrodynamic cavitation is one of the most common industrial methods, involving the forceful passage of water through constrictions or venturi nozzles to create low-pressure zones that induce bubble formation and collapse. This process generates shear forces that fragment larger bubbles into nanobubbles, often supersaturating the water with gases like oxygen or ozone. Ultrasonic cavitation employs high-frequency sound waves (typically 20-100 kHz) to produce alternating pressure cycles, leading to the formation, growth, and implosive collapse of bubbles. The extreme conditions during collapse-temperatures exceeding 5000 K and pressures up to 1000 atm-facilitate the nucleation of stable nanobubbles laden with ROS. Electrochemical production, meanwhile, relies on electrolysis of water or gas-sparged electrolytes, where anodic oxidation and cathodic reduction generate hydrogen or oxygen nanobubbles directly at electrode surfaces, offering precise control over bubble composition and size distribution. Furthermore, nanopore membrane techniques utilize porous substrates to force gas through liquid phases, creating nanobubbles via shear and pressure differentials (Montazeri et al., 2023)https://dummy-citation.com/citation?d=W3sib3JpZ2luIjo0LCJ3b3JrIjp7InR5cGUiOjgsInN1YnR5cGUiOnsib25lb2ZLaW5kIjoiYXJ0aWNsZVR5cGUiLCJhcnRpY2xlVHlwZSI6MX0sImNvbnRyaWJ1dG9ycyI6W3sicm9sZSI6MCwibmFtZSI6eyJnaXZlbiI6IlNleWVkIE1vaGFtbWFkIiwiZmFtaWx5IjoiTW9udGF6ZXJpIn19LHsicm9sZSI6MCwibmFtZSI6eyJnaXZlbiI6Ik5pY29sYXMiLCJmYW1pbHkiOiJLYWxvZ2VyYWtpcyJ9fSx7InJvbGUiOjAsIm5hbWUiOnsiZ2l2ZW4iOiLOk861z47Pgc6zzrnOv8%2BCIiwiZmFtaWx5IjoizprOv867zrvOuc%2BMz4DOv8%2BFzrvOv8%%3D%3D. These generation strategies result in bulk nanobubbles that fill the liquid volume, as opposed to surface nanobubbles which exist only at solid-liquid interfaces (Svetovoy, 2021)https://dummy-citation.com/citation?d=.
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Figure 1: Schematic representation of nanobubble generation methods
Other advanced techniques include pressurized dissolution followed by depressurization, where gases are dissolved under high pressure and then released, forming nanobubbles upon sudden expansion. These methods vary in energy consumption and output; for instance, hydrodynamic systems are cost-effective for large-scale aquaculture, while ultrasonic methods excel in lab settings for targeted ROS production. In aquaculture contexts, oxygen or ozone nanobubbles have shown promise in elevating dissolved oxygen levels and reducing total ammonia nitrogen by up to 9% in shrimp ponds, as demonstrated in controlled trials (Nghĩa et al., 2022; Susanti et al., 2021)https://dummy-citation.com/citation?d=%3D.
The principles underlying nanobubble technology position it as a cornerstone for sustainable aquaculture, bridging fundamental physics with practical water management. By leveraging these generation methods, producers can achieve dynamic control over water chemistry without chemical additives, paving the way for reduced disease incidence and enhanced productivity. Specific implementations, such as the aQua+75MO generator, have demonstrated the capability to produce oxygen nanobubbles with an average size of 168.9 ± 73.8 nm and a concentration of 1.04 × 10⁹ ± 2.6 × 10⁸ particles/mL, utilizing a 1 HP motor to process water at a flow rate of 1,000 L/h (Nghĩa et al., 2022)https://dummy-citation.com/citation?d=. Beyond these operational specifications, the efficacy of such systems is often optimized by modifying geometric parameters, such as the number and diameter of holes in perforated plates, to influence factors like temperature and oxygen concentration (Zhu et al., 2023)https://dummy-citation.com/citation?d=.
2.2. Properties and Mechanisms of Action
Nanobubbles, defined as gas-filled cavities with diameters typically below 1 μm (often 100-200 nm), exhibit unique physicochemical properties that distinguish them from larger microbubbles and enable superior performance in gas dissolution, mass transfer, and chemical reactivity (Nghĩa et al., 2022)https://dummy-citation.com/citation?d=%3D. Their exceptionally high surface area-to-volume ratio-scaling inversely with radius-facilitates rapid diffusion of gases like oxygen or ozone into the surrounding liquid, achieving oxygen transfer efficiencies up to several times higher than conventional aeration methods. This is particularly advantageous in dynamic environments such as aquaculture, where maintaining supersaturated dissolved oxygen levels is critical for aquatic organism health. Nanobubbles demonstrate remarkable metastability, persisting in water for days to months, defying classical Epstein-Plesset dissolution theory due to specialized stabilization mechanisms (Svetovoy, 2021)https://dummy-citation.com/citation?d=.
A primary contributor to nanobubble longevity is their negatively charged surface, manifested as a high absolute zeta potential (often -20 to -50 mV), which generates electrostatic repulsion between bubbles, inhibiting coalescence and Ostwald ripening (Jia et al., 2023; Tekile et al., 2016)https://dummy-citation.com/citation?d=. This charge arises predominantly from the preferential adsorption of hydroxide ions (OH⁻) at the gas-water interface, forming a robust electrical double layer that overwhelms attractive van der Waals forces. Studies confirm that the magnitude of zeta potential increases with solution pH, enhancing stability in neutral to alkaline conditions typical of aquaculture systems. Lower OH⁻ availability in acidic media reduces repulsion and promotes aggregation (Wu et al., 2021)https://dummy-citation.com/citation?d=%3D%3D. Furthermore, surface hydrophobicity allows nanobubbles to interact with organic particles via hydrophobic attraction and capillary bridging, aiding in pollutant mobilization without premature dissolution (Jia et al., 2023)https://dummy-citation.com/citation?d=. This charged interface also fosters charge separation, contributing to an energy barrier that establishes a local minimum in the free-energy landscape for bubble existence (Sakr et al., 2025)https://dummy-citation.com/citation?d=%3D.
Internally, nanobubbles experience elevated Laplace pressure, ΔP = 2σ/r, where σ is surface tension (~72 mN/m for water) and r is radius, often exceeding several atmospheres for 100 nm bubbles. This hyperbaric environment stabilizes the gas core against diffusive loss while promoting interfacial reactions, including the generation of reactive oxygen species such as hydroxyl radicals (•OH), superoxide (O₂⁻•), and hydrogen peroxide (H₂O₂) (Svetovoy, 2021)https://dummy-citation.com/citation?d=. ROS production stems from localized cavitation-like dynamics during bubble oscillation or charge-induced bond breaking at the interface, enabling oxidative degradation of recalcitrant organics and disinfection without bulk heating. In oxygen nanobubbles, this yields concentrations of 10⁹-10¹¹ particles/mL, with ROS fluxes sufficient to reduce ammonia by up to 9% in shrimp ponds (Nghĩa et al., 2022; Susanti et al., 2021)https://dummy-citation.com/citation?d=%3D.
The mechanisms of action underscore nanobubbles' multifunctionality: enhanced mass transfer via Brownian motion and reduced rise velocity (Stokes' law: v propto r^2), ensuring prolonged liquid residence; ROS-mediated advanced oxidation processes that mineralize pollutants and disrupt microbial cell walls; and biophysical effects like altered interfacial tension influencing biofouling. These properties collectively amplify oxygen bioavailability, suppress pathogens (e.g., Vibrio spp.), and modulate microbial communities, outperforming macro-aeration by minimizing energy input and chemical use (Tekile et al., 2016)https://dummy-citation.com/citation?d=%3D%3D. Empirical data from generators like aQua+75MO report 168.9 nm mean size and 1.04 × 10⁹ particles/mL at 1,000 L/h, validating scalability (Nghĩa et al., 2022)https://dummy-citation.com/citation?d=%3D%3D.
In summary, nanobubble properties-high zeta potential for stability, Laplace-driven internal pressure, and ROS generation-drive mechanisms pivotal for aquaculture water remediation, bridging nanoscale physics with macroscopic benefits. The collapse of these cavities triggers a rapid release of accumulated chemical energy within the electric double layer, while the simultaneous compression of entrapped water molecules subjects them to extreme temperatures and pressures that facilitate molecular cleavage (Wu et al., 2021)https://dummy-citation.com/citation?d=. This phenomenon is quantitatively described by the Young-Laplace equation, P = Pₗ + 4σ/d, which dictates that internal gas pressure is substantially determined by the inverse of bubble diameter. (Hutagalung et al., 2023)https://dummy-citation.com/citation?d=%2B%2FvSBQMSArIDTPg%2B%2B%.
2.3. Applications in Aquaculture
2.3.1. Water Quality Improvement
Nanobubbles represent a promising technology for enhancing water quality parameters in aquaculture systems, addressing key challenges such as low dissolved oxygen levels and accumulation of toxic nitrogenous wastes (Nghĩa et al., 2022)https://dummy-citation.com/citation?d=%3D. Recent studies have demonstrated that nanobubble technologies, particularly ozone nanobubbles, have significant potential for improving water quality and pathogen control in aquaculture environments (Jhunkeaw et al., 2020). In intensive farming environments, where high stocking densities often lead to hypoxia and elevated ammonia concentrations, nanobubbles offer superior oxygen transfer efficiency compared to traditional aeration methods. Their nanoscale size (typically <1 μm) results in a high surface area-to-volume ratio, Brownian motion, and low buoyancy, enabling prolonged residence time and supersaturation of DO up to 200-300% (Tekile et al., 2016)https://dummy-citation.com/citation?d=%3D%3D. This not only supports aerobic respiration in fish and shrimp but also creates oxidative conditions conducive to pollutant degradation. Empirical evidence from shrimp ponds demonstrates that oxygen nanobubbles generated via systems like the aQua+75MO (168.9 nm average size, 1.04 × 10⁹ particles/mL at 1,000 L/h) can maintain stable DO levels while mitigating environmental stressors (Nghĩa et al., 2022)https://dummy-citation.com/citation?d=%3D%3D.
The primary mechanism for water quality improvement lies in nanobubbles' exceptional gas dissolution kinetics, governed by enhanced mass transfer coefficients that surpass coarse bubble diffusers by factors of 2-5 (Svetovoy, 2021)https://dummy-citation.com/citation?d=. Unlike microbubbles, which rise rapidly and burst at the surface, nanobubbles exhibit a reduced terminal velocity according to Stokes' law (v ∝ r²), ensuring uniform oxygen distribution throughout the water column. Studies in Penaeus vannamei culture have shown nanobubble aeration elevating DO from baseline levels, correlating with reduced total ammonia nitrogen by approximately 9% (from 2.58 mg/L in controls to 2.35 mg/L in treatments) over rearing cycles (Susanti et al., 2021)https://dummy-citation.com/citation?d=%3D%3D. This DO enrichment also suppresses anaerobic zones, minimizing nitrite and nitrate buildup via optimized nitrification, thus stabilizing pH and alkalinity critical for biofloc systems (Gymnastiar et al., 2025).
Reactive oxygen species generated at the nanobubble interface further amplify remediation efficacy through advanced oxidation processes. Under elevated Laplace pressure (ΔP = 2σ/r), where internal pressures exceed several atmospheres for 100 nm bubbles, interfacial reactions produce hydroxyl radicals (•OH), superoxide (O₂⁻•), and hydrogen peroxide (H₂O₂) (Hutagalung et al., 2023; Svetovoy, 2021)https://dummy-citation.com/citation?d=. These species oxidize recalcitrant organics, ammonia, and nitrites, disrupting molecular bonds without chemical additives. In lab-scale shrimp trials, oxygen nanobubbles reduced Vibrio loads indirectly via ROS-mediated disinfection while lowering TAN, highlighting dual benefits for water chemistry and biosecurity (Nghĩa et al., 2022)https://dummy-citation.com/citation?d=%3D. Surface-active properties, including negative zeta potentials (-20 to -50 mV), prevent coalescence and enhance pollutant adsorption via hydrophobic interactions (Jia et al., 2023; Wu et al., 2021)https://dummy-citation.com/citation?d=%.
Scalability and optimization of nanobubble systems are key to practical adoption, with generators modifiable via perforated plate geometry (e.g., hole number and diameter) to boost oxygen concentrations while controlling temperature (Zhu et al., 2023)https://dummy-citation.com/citation?d=. Economic analyses indicate positive net present value (NPV: IDR 64,824,374) and short payback periods (1.7 years) for P. vannamei farms, underscoring feasibility (Susanti et al., 2021)https://dummy-citation.com/citation?d=%3D%3D. However, optimal performance requires neutral-alkaline pH to maximize zeta potential and OH⁻ adsorption, aligning with typical pond conditions (Wu et al., 2021)https://dummy-citation.com/citation?d=%3D%3D.
In summary, nanobubbles improve aquaculture water quality by elevating DO, degrading nitrogenous wastes via ROS, and fostering stable physicochemical profiles, outperforming conventional methods in efficiency and sustainability. Their integration promises reduced energy use and environmental footprints, paving the way for resilient farming practices (Tekile et al., 2016)https://dummy-citation.com/citation?d=%3D%3D. Furthermore, the antimicrobial potential of nanobubbles extends beyond water quality remediation to direct pathogen suppression, offering a chemical-free alternative to prophylactic antibiotics. The major aquaculture applications of nanobubbles and their underlying mechanisms are summarized in Table 2.
Table 2: Applications of nanobubbles in aquaculture
	Application
	Mechanism
	Benefits

	Water quality improvement
	Enhanced gas transfer, oxidation of pollutants
	Increased dissolved oxygen, reduced harmful substances

	Disease control
	Inactivation of pathogens through ROS generation
	Reduced disease prevalence, improved fish health

	Growth promotion
	Increased oxygen availability, stimulation of beneficial microbes
	Enhanced growth performance, feed conversion efficiency


2.3.2. Disease Control
Nanobubbles exhibit potent antimicrobial activity, positioning them as a transformative tool for disease control in aquaculture systems plagued by bacterial, viral, and parasitic outbreaks. In high-density farming environments, pathogens such as Vibrio species, white spot syndrome virus in shrimp, and bacterial infections in finfish proliferate rapidly, leading to mass mortalities and economic losses. Unlike conventional antibiotics, which foster resistance and residue accumulation, nanobubbles leverage physical and chemical mechanisms-primarily reactive oxygen species generation and biophysical disruption-to inactivate microbes without chemical additives. Upon collapse, nanobubbles release hydroxyl radicals (•OH), superoxide (O₂⁻•), and hydrogen peroxide (H₂O₂) due to extreme localized pressures and temperatures, as described by the Young-Laplace equation (ΔP = 2σ/r), where smaller radii amplify internal stress  (Hutagalung et al., 2023; Wu et al., 2021)https://dummy-citation.com/citation?d=%%2B9IFAxICsgNM%2BD77%2B9ZCAoMykgd2hlcmUgUCBkZW5vdGVzIGdhcyBwcmVzc3VyZSwgUGwgZGVub3RlcyBsaXF1aWQgcHJlc3N1cmUsIM%%3D%3D. These ROS oxidize microbial cell walls, proteins, and nucleic acids, while negative zeta potentials enhance pathogen adsorption via electrostatic and hydrophobic interactions (Jia et al., 2023)https://dummy-citation.com/citation?d=. This multifaceted approach suppresses biofilms and planktonic cells alike, offering a sustainable alternative for biosecurity.
Empirical studies underscore nanobubbles' efficacy against aquaculture-specific pathogens. In lab-scale trials with Pacific white shrimp, oxygen nanobubbles generated by the aQua+75MO system significantly reduced Vibrio parahaemolyticus loads, correlating with improved survival rates and water quality (Nghĩa et al., 2022)https://dummy-citation.com/citation?d=%3D%3D. The ROS-mediated oxidation disrupts bacterial membranes, inducing lysis without harming host tissues at optimal dosages. Similarly, oxygen nanobubbles have demonstrated antiviral potential; while direct evidence on WSSV is emerging, analogous mechanisms-ROS-induced viral envelope degradation-mirror successes in wastewater disinfection where nanobubbles eliminate enveloped viruses (Svetovoy, 2021)https://dummy-citation.com/citation?d=. Parasitic control benefits from biophysical effects, including altered interfacial tension that detaches protozoans like Ichthyophthirius multifiliis from fish gills. Field applications in shrimp ponds report up to 90% reduction in Vibrio counts post-nanobubble treatment, mitigating acute hepatopancreatic necrosis disease outbreaks (Nghĩa et al., 2022)https://dummy-citation.com/citation?d=%3D. These outcomes stem from nanobubbles' prolonged stability (days to weeks), enabled by high zeta potentials repelling coalescence, ensuring sustained ROS delivery throughout water columns (Tekile et al., 2016)https://dummy-citation.com/citation?d=%3D%3D.
Beyond direct pathogen elimination, nanobubbles modulate microbial communities to favor beneficial taxa, indirectly bolstering disease resistance. Enhanced DO supersaturation (200-300%) curbs anaerobic pathogens while promoting nitrifying bacteria, as evidenced in Penaeus vannamei cultures where total ammonia nitrogen dropped by 9%, alleviating stress-induced immunosuppression (Susanti et al., 2021)https://dummy-citation.com/citation?d=%3D%3D. The negatively charged surfaces also inhibit biofilm formation on pond liners and biofilters, a common reservoir for opportunists like Aeromonas in fish. Scalable generators, optimized via perforated plate designs, maintain nanobubble concentrations (e.g., 1.04 × 10⁹ particles/mL) at neutral-alkaline pH, aligning with aquaculture conditions to maximize OH⁻ adsorption and antimicrobial potency (Wu et al., 2021; Zhu et al., 2023)https://dummy-citation.com/citation?d=. Economic feasibility is promising, with short payback periods (1.7 years) for integrated systems (Susanti et al., 2021)https://dummy-citation.com/citation?d=%3D%3D.
In summary, nanobubbles revolutionize aquaculture disease control through ROS-driven disinfection, biophysical disruption, and community modulation, outperforming antibiotics in efficacy and sustainability. Their chemical-free nature minimizes resistance risks and regulatory hurdles, fostering resilient production amid intensifying biosecurity demands (Jia et al., 2023; Svetovoy, 2021)https://dummy-citation.com/citation?d=%3D. Elevated dissolved oxygen levels from nanobubble supersaturation accelerate metabolic rates in species like Pacific white shrimp, leading to increased food intake and enhanced growth performance (Nghĩa et al., 2022)https://dummy-citation.com/citation?d=%3D%3D.
2.3.3. Growth Promotion
Nanobubbles significantly enhance growth performance and development in aquaculture species by providing sustained dissolved oxygen supersaturation, which elevates metabolic rates and optimizes physiological processes. In oxygen-limited environments typical of intensive farming, such as shrimp ponds, nanobubbles maintain DO levels well above saturation (up to 200-300% in some systems), enabling aerobic respiration at heightened intensities (Nghĩa et al., 2022)https://dummy-citation.com/citation?d=%3D. This DO enrichment accelerates basal metabolic rates, increasing food intake and nutrient assimilation in species like Pacific white shrimp (Penaeus vannamei). Empirical data from lab-scale trials demonstrate that nanobubble-treated shrimp exhibit 15-25% higher weight gain compared to controls, attributed to improved oxygen delivery to gills and tissues (Nghĩa et al., 2022)https://dummy-citation.com/citation?d=%3D%3D. The prolonged stability of nanobubbles, governed by high negative zeta potentials (typically -20 to -50 mV), prevents rapid coalescence and ensures uniform DO distribution throughout water columns, outperforming traditional aeration methods that suffer from short bubble residence times (Jia et al., 2023; Tekile et al., 2016)https://dummy-citation.com/citation?d=.
Beyond direct oxygenation, nanobubbles improve feed conversion ratio and digestive efficiency through multifaceted biophysical effects. The collapse of nanobubbles generates localized shear forces and reactive oxygen species (ROS), which can enhance gut microbiota composition without compromising host health at sub-lethal doses. These ROS, including hydroxyl radicals (•OH) and superoxide (O₂•⁻), are produced from the extreme pressures during implosion, as described by the Young-Laplace equation (ΔP = 2σ/r), where smaller radii (r < 1 μm) amplify the stress (Hutagalung et al., 2023; Wu et al., 2021)https://dummy-citation.com/citation?d=%2B9IFAxICsgNM%2BD77%2B9ZCAoMykgd2hlcmUgUCBkZW5vdGVzIGdhcyBwcmVzc3VyZSwgUGwgZGVub3RlcyBsaXF1aWQgcHJlc3N1cmUsIM%%%3D%3D. In P. vannamei cultures, nanobubble integration reduced FCR by up to 20%, correlating with elevated activities of digestive enzymes like amylase and protease, fostering faster biomass accumulation (Susanti et al., 2021)https://dummy-citation.com/citation?d=%3D%3D. Furthermore, the negatively charged nanobubble surfaces promote adhesion of beneficial bacteria (e.g., Bacillus spp.), stimulating probiotic proliferation that aids nutrient cycling and reduces uneaten feed residues (Jia et al., 2023)https://dummy-citation.com/citation?d=.
Nanobubbles also foster symbiotic microbial communities that indirectly bolster organismal growth by refining water quality parameters essential for development. Enhanced DO curbs anaerobic pathogens while favoring nitrifying bacteria, leading to 9% reductions in total ammonia nitrogen and stabilized pH in shrimp ponds (Susanti et al., 2021)https://dummy-citation.com/citation?d=%3D%3D. This microenvironment supports phytoplankton and zooplankton blooms, serving as live feed that improves larval survival and juvenile vigor. Studies on perforated-plate nanobubble generators highlight how geometric optimizations (e.g., hole diameter and count) maximize oxygen transfer efficiency at neutral-alkaline pH, aligning with pond conditions to enhance OH- adsorption and microbial activity (Wu et al., 2021; Zhu et al., 2023)https://dummy-citation.com/citation?d=. Consequently, integrated systems yield shorter culture cycles and higher yields, with field trials reporting 30% productivity gains in whiteleg shrimp farming.
Economic analyses further validate nanobubbles' role in growth promotion, projecting positive net present values (NPV > IDR 64 million over five years) and payback periods under 2 years for P. vannamei operations (Susanti et al., 2021)https://dummy-citation.com/citation?d=%3D%3D. Scalable generators like the aQua+75MO system (168.9 nm average size, 1.04 times 10^9 particles/mL) exemplify practical deployment, minimizing energy inputs while amplifying outputs (Nghĩa et al., 2022)https://dummy-citation.com/citation?d=%3D%3D. Challenges remain in standardizing dosages across species, yet emerging evidence on finfish suggests analogous benefits, including faster smoltification in salmonids via hypoxia alleviation (Yaparatne et al., 2024).
In summary, nanobubbles drive aquaculture growth promotion through DO supersaturation, metabolic acceleration, microbial modulation, and efficient nutrient utilization, surpassing conventional strategies in efficacy and cost-effectiveness. Their adoption heralds sustainable intensification, reducing FCR and environmental loads while enhancing resilience (Tekile et al., 2016)https://dummy-citation.com/citation?d=%3D%3D.
Plasma Water Technology
3.1. Principles and Generation Methods
Plasma-activated water represents an innovative aqueous solution produced through the interaction of liquid water with non-thermal plasma, a partially ionized gas state characterized by free electrons, ions, excited atoms, molecules, and a plethora of reactive species. Unlike thermal plasmas that reach equilibrium temperatures exceeding thousands of degrees Kelvin, non-thermal plasmas maintain electron temperatures in the range of 1–10 eV while keeping the gas temperature near ambient levels (around 300–400 K). This disparity arises from the low collision rates between heavy particles and the high-energy electrons, enabling selective energy transfer primarily to electrons. In PAW generation, plasma is typically discharged directly over or within water, leading to the dissolution of short-lived plasma-generated species into the liquid phase. These species, including reactive oxygen and nitrogen species, hydrogen peroxide (H₂O₂), ozone (O₃), and nitrite (NO₂⁻)/nitrate (NO₃⁻) ions, confer PAW its potent physicochemical properties, such as low pH (often 2–4), high oxidation-reduction potential (ORP > 400 mV), and elevated electrical conductivity.
Various methods are employed to generate non-thermal plasma for PAW production, each tailored to specific scalability, energy efficiency, and species yield requirements. Figure 2 presents a schematic of plasma-activated water generation using a dielectric barrier discharge configuration. Dielectric barrier discharge is among the most common, involving two electrodes separated by a dielectric material (e.g., quartz or alumina) and a gas-filled gap exposed to water. High-voltage alternating current (5–20 kV, 1–50 kHz) creates microdischarges that propagate through the gap, ionizing the gas and producing radicals via electron-impact dissociation of O₂ and N₂ molecules. Corona discharge, simpler and electrode-based, utilizes a sharp electrode (e.g., wire or needle) in ambient air or humidified gas adjacent to water, where intense electric fields (>30 kV/cm) accelerate electrons to initiate avalanches. Gliding arc discharge offers higher power throughput by sustaining a plasma arc that glides along diverging electrodes, combining thermal and non-thermal characteristics for voluminous reactive species production. Emerging techniques include plasma jets (kINPen-like devices using radiofrequency power), underwater plasma via pulsed discharges, and cavitation-assisted plasmas, which enhance species transfer through bubble implosions. Selection depends on application: DBD suits continuous flow systems, while gliding arcs excel in batch processing for aquaculture volumes.
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Figure 2: Schematic of plasma-activated water generation using dielectric barrier discharge
The core mechanism of PAW formation hinges on plasma-water interfacial dynamics and volumetric dissolution processes. Plasma electrons and UV photons bombard the water surface, inducing photoionization and ejection of solvated electrons (H₂O → H₂O⁺ + e⁻_aq), which react rapidly with dissolved O₂ to form superoxide (O₂⁻•) and subsequently H₂O₂ via disproportionation. Gas-phase radicals like •OH, •O, and NO• diffuse into the liquid, where they undergo hydration (e.g., •OH + H₂O → H₂O₂ + •H) or react with ambient humidity. Nitrogen fixation yields NO₂⁻ and NO₃⁻ through multistep pathways: N₂ + O• → NO + N, followed by oxidation cascades. Bubble-mediated transport, prevalent in submerged or indirect exposures, amplifies transfer efficiency, as collapsing microbubbles generate localized hotspots mirroring sonochemical effects. The resulting PAW cocktail-typically 1–100 μM H₂O₂, 0.1–10 mM NO₂⁻/NO₃⁻, and transient •OH (detectable via EPR)-persists for hours to days, with longevity tunable by post-plasma storage under controlled atmospheres. Key physicochemical properties of plasma-activated water relevant to aquaculture performance are summarized in Table 3. 
Table 3: Properties of plasma-activated water
	Property
	Description

	Reactive species
	H2O2, NO2-, RONS

	pH
	Acidic (pH 2-6)

	Oxidation-reduction potential
	High ORP (>1000 mV)

	Antimicrobial activity
	Effective against bacteria, viruses, fungi


In aquaculture contexts, PAW generation aligns seamlessly with intensive systems, mirroring nanobubble scalability discussed previously. Compact DBD reactors integrated into recirculating aquaculture systems treat water volumes up to 10 m³/h at energy costs of 1–5 kWh/m³, producing PAW with tailored RONS profiles for disinfection without chemical residues. For example, corona-based setups achieve greater than 5-log inactivation of Vibrio spp. in shrimp ponds, complementing the biophysical actions of oxygen nanobubbles. Parameters such as input gas (air, O₂, Ar), power density (1–100 W/cm²), and treatment time (1–30 min) optimize species balance: O₂-enriched feeds increase H₂O₂/O₃ for oxidation, while air plasmas focus on nitrogenous compounds for pH modulation and nutrient stimulation. Safety considerations include ozone residuals (<0.1 ppm) and electrode erosion mitigation via coatings.
Overall, PAW's principles leverage plasma's non-equilibrium nature to engineer bioactive water, with generation methods offering versatility from lab-scale to industrial deployment. This technology bridges physical plasma chemistry with aqueous biology, paving the way for sustainable aquaculture enhancements in disinfection, immunity, and growth, as explored in subsequent sections.
3.2. Properties and Mechanisms of Action
Plasma-activated water exhibits a unique set of physicochemical properties that underpin its biological efficacy, particularly in aquaculture applications. These properties result directly from the plasma-water interaction described earlier, generating a complex mix of reactive oxygen and nitrogen species, hydrogen peroxide (H₂O₂), ozone (O₃), nitrite (NO₂⁻), nitrate (NO₃⁻) ions, as well as changes in pH, oxidation-reduction potential (ORP), and electrical conductivity. Typically, PAW has a low pH, ranging from 2.0 to 5.5, due to the formation of nitric and nitrous acids from nitrogen fixation processes. ORP values often exceed +400 mV, indicating a highly oxidative environment that promotes disinfection. Electrical conductivity can rise to 1–10 mS/cm due to the accumulation of ionic species. Concentrations vary by generation method: H₂O₂ at 1–100 μM, NO₂⁻/NO₃⁻ at 0.1–10 mM, and transient radicals such as hydroxyl (•OH) at trace levels. These attributes persist for hours to days, with stability enhanced by storing in opaque, sealed containers to minimize UV degradation and re-equilibration. In aquaculture, these properties allow PAW to outperform traditional disinfectants by providing residue-free treatment, as reactive species decompose into benign byproducts such as water and nitrates, which can even serve as bioavailable nitrogen.
The reactive species in PAW drive its mechanisms of action through oxidative stress induction and targeted biochemical interactions. H₂O₂, a stable long-lived species, diffuses across microbial membranes, reacting with iron-sulfur clusters in enzymes via Fenton chemistry to generate highly reactive •OH intracellularly. This leads to lipid peroxidation, protein carbonylation, and DNA strand breaks, culminating in microbial inactivation. RONS such as peroxynitrite (ONOO⁻), formed from NO• and O₂•⁻, exhibit synergistic potency, attacking thiol groups in proteins and disrupting quorum sensing in biofilms. Nitrite ions contribute via acid-catalyzed formation of nitrous acid (HNO₂), a potent nitrosating agent that inhibits bacterial respiration by targeting cytochrome oxidases. The acidic pH amplifies these effects by protonating cellular membranes, increasing permeability and facilitating species ingress. Unlike broad-spectrum antibiotics, PAW's multi-target approach minimizes resistance development, as evidenced by >5-log reductions in pathogens such as Vibrio parahaemolyticus and Aeromonas hydrophila at sub-lethal doses that spare host cells (Zhang et al., 2024).
Beyond antimicrobial activity, PAW elicits adaptive cellular responses in aquatic organisms, promoting health benefits. In fish and shellfish, low-dose PAW exposure triggers hormesisa biphasic dose-response in which mild stress upregulates antioxidant defenses, including superoxide dismutase, catalase, and glutathione peroxidase. This enhances resilience against oxidative stress caused by high stocking densities or poor water quality. Nitrogen species modulate signaling pathways: NO₂⁻ acts as a reservoir for nitric oxide (NO), activating guanylate cyclase to promote vasodilation and immune cell recruitment. Studies indicate that PAW immersion boosts lysozyme activity and IgM levels in tilapia, correlating with a 20–30% increase in survival following an Edwardsiella tarda challenge. Wound healing is accelerated via H₂O₂-mediated macrophage polarization and fibroblast proliferation, reducing scarring in fin injuries (Long et al., 202).
PAW also influences growth and metabolism through nutrient-like effects. Nitrate and nitrite assimilation by microalgae stimulates chlorophyll synthesis and biomass yield, indirectly supporting zooplankton and larval feeds in integrated systems. Direct exposure enhances feed utilization by altering gut microbiota, favoring probiotics like Lactobacillus over pathogens, thus lowering feed conversion ratios by 10–15%. Metabolic acceleration mirrors nanobubble effects (Tekile et al., 2016)https://dummy-citation.com/citation?d=%3D%3D, with elevated ORP optimizing electron transport chain efficiency in mitochondria. However, dose optimization is critical: excessive RONS (>500 μM H₂O₂) can induce apoptosis, highlighting the need for real-time monitoring via ORP/pH probes.
In summary, PAW's propertieslow pH, high ORP, and RONS profilemediate multifaceted mechanisms, from disinfection to immunostimulation and growth promotion. This versatility positions PAW as a tunable bioagent, with efficacy scalable via plasma parameters, paving the way for its integration into sustainable aquaculture alongside complementary technologies like oxygen nanobubbles. These nanobubbles enhance gas transfer efficiency and maintain dissolved oxygen levels, synergizing with the oxidative potential of PAW to support aerobic microbial processes and fish respiration (Vichiansan et al., 2023)https://dummy-citation.com/citation?d=%2BKGkiBPSOKLhSBPSOKLhStPSOKLheKGkkgyTzIgKDMpIE5pdHJhdGUgcHJvZHVjdGlvbjogTjIgKyBPMiDihpIgMk5PICg0KSAyTk8gKyBPMiDihpIgMk5PMiAoNSkgM05PMiArIEgyIE%%.
3.3. Applications in Aquaculture
3.3.1. Water Disinfection
Plasma-activated water demonstrates potent disinfection capabilities against a wide range of aquaculture-relevant microorganisms, including Gram-positive and Gram-negative bacteria (e.g., Vibrio parahaemolyticus, Aeromonas hydrophila, Edwardsiella tarda), viruses, fungi, and protozoan parasites. This broad-spectrum efficacy stems from the synergistic action of reactive oxygen and nitrogen species, including hydrogen peroxide (H₂O₂), nitrite (NO₂⁻), nitrate (NO₃⁻), ozone (O₃), and short-lived radicals like hydroxyl (•OH). Unlike conventional chemical disinfectants such as chlorine or quaternary ammonium compounds, PAW achieves microbial inactivation without leaving harmful residues, as its reactive components decompose into water, oxygen, and nitrates-nutrients that can benefit aquatic ecosystems. Studies show consistent reductions of >5 logs in bacterial loads within minutes to hours of exposure, even at sub-lethal concentrations that preserve eukaryotic host cells (Zhang et al., 2024). This selective toxicity stems from prokaryotic vulnerabilities, such as thinner cell walls and higher metabolic rates, making PAW ideal for recirculating aquaculture systems, where water quality directly impacts fish health and productivity.
The mechanisms underlying PAW's disinfection effectiveness involve multifaceted oxidative assaults on microbial physiology. Primary long-lived species like H₂O₂ penetrate cell membranes via aquaporins, triggering Fenton-like reactions with intracellular iron to generate •OH radicals. These highly reactive hydroxyl species cause irreparable damage: lipid peroxidation disrupts membrane integrity, protein carbonylation inactivates essential enzymes, and DNA/RNA strand scission halts replication. Synergistic RONS, such as peroxynitrite (ONOO⁻) from NO• and O₂•⁻, exhibit enhanced potency, attacking thiol groups in proteins and disrupting quorum sensing in biofilms prevalent in aquaculture. The acidic pH (2.0–5.5) and elevated oxidation-reduction potential (ORP > +400 mV) amplify these effects by protonating membrane lipids, enhancing permeability and facilitating species influx. Nitrous acid (HNO₂), formed from NO₂⁻ protonation, inhibits respiratory cytochromes, suffocating aerobic pathogens.
Research highlights H₂O₂'s stability and antimicrobial potency in PAW, with concentrations maintained during storage under cool, dark conditions, enabling reliable field deployment (Vichiansan et al., 2023)https://dummy-citation.com/citation?d=%%2B%.
In practical aquaculture applications, PAW has been successfully integrated for water disinfection in hatcheries, grow-out ponds, and RAS. The major applications of PAW in aquaculture and their intended benefits are summarized in Table 4. Direct immersion or spraying of PAW into culture tanks rapidly curbs outbreaks of vibriosis and aeromoniasis, reducing total viable counts by 99.999% within 30–60 minutes. For example, treating shrimp culture water with PAW generated via dielectric barrier discharge plasma yielded significant microbial growth inhibition in Litopenaeus vannamei and Loligo formosana systems, correlating with improved survival rates (Vichiansan et al., 2023)https://dummy-citation.com/citation?d=%%2B%. Biofloc systems benefit from periodic PAW dosing to control opportunistic pathogens without disrupting beneficial microbiota. Unlike UV irradiation or ozonation, which require clear water and energy-intensive equipment, PAW operates in turbid conditions and scales easily via portable plasma generators. Field trials report 20–50% reductions in antibiotic use, mitigating resistance risks while enhancing water clarity through flocculated debris.
Table 4: Applications of plasma-activated water in aquaculture
	Application
	Mechanism
	Benefits

	Water disinfection
	Inactivation of microorganisms through reactive species
	Reduced microbial load, improved water quality

	Fish health and immunity
	Stimulation of immune system, promotion of wound healing
	Enhanced disease resistance, improved survival rates

	Growth promotion
	Stimulation of microalgal growth, enhanced feed conversion
	Increased growth performance, natural food availability


PAW's disinfection extends to viral and fungal threats, such as white spot syndrome virus in shrimp and Saprolegnia in salmonids. Viral capsids are denatured by •OH-induced protein oxidation, while fungal hyphae succumb to cell wall chitin degradation under prolonged RONS exposure. Integration with complementary technologies amplifies efficacy; combining PAW with oxygen nanobubbles sustains high dissolved oxygen levels, countering hypoxia from organic decay and boosting aerobic antagonist microbes (Tekile et al., 2016)https://dummy-citation.com/citation?d=%3D%3D. This synergy optimizes RAS performance, as nanobubbles prolong DO elevation (10–15 days stability) via zeta potential repulsion, preventing pathogen resurgence (Tekile et al., 2016)https://dummy-citation.com/citation?d=%3D%3D.
Despite these advantages, optimal dosing remains paramount: real-time ORP/pH monitoring prevents over-oxidation that could stress filter feeders. Ongoing challenges include standardizing generation protocols across plasma devices and long-term ecotoxicity assessments. Nonetheless, PAW's residue-free, multi-target disinfection heralds a paradigm shift toward sustainable aquaculture water management, paving the way for chemical-free production. Beyond water quality management, the application of PAW extends directly to enhancing the physiological resilience of cultured species.
3.3.2. Fish Health and Immunity
Plasma-activated water (PAW) holds substantial promise for bolstering fish health and immunity in aquaculture settings, leveraging its rich profile of reactive oxygen and nitrogen species to modulate physiological responses without residual toxicity. Unlike traditional disinfectants, PAW's long-lived components, such as hydrogen peroxide (H₂O₂), nitrite (NO₂⁻), and nitrate (NO₃⁻), interact dynamically with fish physiology to prime immune defenses. Studies indicate that exposure to dilute PAW enhances innate immunity by upregulating antioxidant enzymes like superoxide dismutase and catalase, mitigating oxidative stress caused by environmental stressors or pathogens. This adaptive response increases disease resistance, as evidenced by higher survival rates in PAW-treated fish during challenge trials with bacterial pathogens like Aeromonas hydrophila. For instance, juvenile tilapia immersed in PAW-supplemented water exhibited elevated lysozyme activity and phagocytic indices, correlating with a 20-30% improvement in pathogen clearance (Kim et al., 2022). These immunomodulatory effects stem from hermetic dosing low, non-cytotoxic RONS concentrations that trigger signalling cascades, including Nrf2 pathway activation, fostering cellular resilience.
The mechanistic underpinnings of PAW's immune enhancement involve targeted RONS interactions with fish immune cells. Hydroxyl radicals (•OH) and peroxynitrite (ONOO⁻), generated in situ, act as secondary messengers, stimulating leukocyte proliferation and cytokine release (e.g., IL-1β, TNF-α). In gill and skin epithelia primary pathogen entry points PAW induces mucin hypersecretion and tight junction reinforcement via MAPK/ERK signalling, forming a robust physical barrier. Complement system activation is also amplified, with alternative pathway components showing dose-dependent upregulation. Research on rainbow trout demonstrates that PAW bathing reduces bacterial adhesion by altering the surface glycocalyx, while intracellularly, H₂O₂ modulates redox-sensitive transcription factors, balancing pro- and anti-inflammatory responses (Kim et al., 2022). Critically, PAW avoids immunosuppression at optimal concentrations (ORP 400-600 mV, pH 5-6.5), preserving energy allocation for growth amid chronic stress. Synergy with dissolved oxygen from nanobubble integration further amplifies these benefits, as sustained hyperoxia supports ROS-dependent immune priming without hypoxia-induced lethargy.
Beyond immunity, PAW accelerates wound repair and tissue regeneration, which is vital for post-handling recovery in intensive farming. RONS orchestrate hemostasis, inflammation resolution, and proliferation phases: nitric oxide (NO•) from nitrate reduction promotes vasodilation and fibroblast migration, while H₂O₂ gradients guide macrophage polarization toward pro-regenerative M2 phenotypes. In zebrafish models, PAW immersion halved epithelial wound closure times via upregulated VEGF and collagen synthesis genes. Aquaculture trials with Atlantic salmon report 40% faster fin regeneration and reduced ulceration incidence in PAW-treated RAS, attributed to biofilm disruption on wounds that impedes healing (Xu et al., 2020). This regenerative capacity extends to stress mitigation, lowering cortisol levels and restoring hepatic glycogen stores disrupted by density or transport stressors.
Practical deployment in hatcheries and grow-out systems involves periodic PAW immersion (1:10 dilution, 30-60 min) or biofloc integration, yielding consistent health gains across species like carp, seabass, and shrimp. Field data show 15-25% mortality reductions during epizootics, alongside enhanced vaccine efficacy when PAW pre-treatments prime adaptive responses. However, dose optimization via real-time sensors is essential to avert pro-oxidant shifts in sensitive life stages.
Challenges persist, including species-specific responses and long-term bioaccumulation risks of nitrates. Future research should elucidate dose-response curves, gut microbiome interactions, and synergies with probiotics. Standardizing PAW formulations will unlock its full potential, transitioning aquaculture toward resilient, antibiotic-sparing paradigms.
3.3.3. Growth Promotion
Plasma activated water demonstrates significant potential in promoting growth and development across diverse aquatic organisms in aquaculture systems, extending its benefits beyond disinfection and immune enhancement to directly influence nutritional dynamics and metabolic efficiency. The unique chemical profile of plasma activated water, enriched with nitrates (NO₃⁻), nitrites (NO₂⁻), hydrogen peroxide (H₂O₂), and other reactive species, creates an optimized rearing environment that enhances primary productivity and feed utilization. Unlike conventional fertilizers, plasma activated water supplies nutrients in highly bioavailable forms without leaving chemical residues, thereby stimulating the proliferation of beneficial microalgae and phytoplankton that serve as natural feeds for filter feeding larvae, zooplankton, and herbivorous fish. This trophic enhancement increases food availability, reduces dependence on formulated feeds, and mitigates eutrophication risks associated with excess organic inputs. Experimental observations indicate that plasma activated water supplementation at suboptimal dilutions ranging from 1 to 5 percent volume per volume accelerates algal biomass accumulation by 20 to 50 percent within a few days. This response is attributed to enhanced nitrogen assimilation pathways that upregulate photosynthetic efficiency and chlorophyll synthesis in species such as Chlorella vulgaris and Isochrysis galbana. As a result, larval stages of shrimp such as Litopenaeus vannamei and finfish including seabass exhibit improved settlement success and early growth rates, effectively addressing nutritional limitations in intensive hatchery systems (Rathore et al., 2024).
Direct physiological effects of plasma activated water on cultured species further highlight its growth promoting capacity. Exposure to low concentrations of reactive oxygen and nitrogen species induces hormetic responses that activate growth related signaling pathways, including insulin like growth factor 1 and the target of rapamycin pathway, thereby enhancing protein synthesis and somatic growth without causing oxidative stress. Studies on juvenile Oreochromis niloticus cultured in plasma activated water supplemented recirculating aquaculture systems report improvements of 15 to 25 percent in specific growth rate and overall weight gain during 60-day trials, accompanied by improved feed conversion ratios declining from 1.5 to 1.2. These gains are partly attributed to modulation of gut microbiota, where nitrite derived nitric oxide promotes the proliferation of beneficial Lactobacillus species, enhancing nutrient absorption and reducing metabolic losses associated with dysbiosis. Similar effects have been observed in Cyprinus carpio, where plasma activated water exposure enhances hepatic glycogenolysis and lipolysis during fasting stress, thereby sustaining anabolic metabolism. In Oncorhynchus mykiss, elevated expression of growth hormone receptors and myosin heavy chain genes has been documented, corresponding to a 10 to 20 percent increase in fillet yield accumulation. These responses are strongly dose dependent, emphasizing the importance of real time oxidation reduction potential monitoring to avoid cytotoxic thresholds. Additionally, the incorporation of microalgal biomass as a dietary supplement has been shown to further enhance growth performance and nutrient utilization in species such as Litopenaeus vannamei and Oreochromis niloticus (Vijayaram et al., 2024)https://dummy-citation.com/citation?d=.
Synergistic integration of PAW with nanobubble oxygenation amplifies growth outcomes by sustaining hyperoxic conditions that fuel aerobic metabolism (Tekile et al., 2016)https://dummy-citation.com/citation?d=%3D%3D. Nanobubbles' prolonged dissolved oxygen elevation, stabilized by high zeta potential repulsion, complements PAW's nitrate-driven primary production, creating a nutrient-oxygen nexus that boosts overall system productivity (Tekile et al., 2016)https://dummy-citation.com/citation?d=%3D%3D. In integrated RAS for Atlantic salmon (Salmo salar), combined treatments yield 30% higher biomass densities without hypoxia-related stunting, as elevated DO supports mitochondrial ATP production and reduces lactate accumulation during peak feeding. Field applications in shrimp ponds demonstrate PAW-nanobubble infusions enhancing vibrio-resistant growth, with harvest sizes increasing by 18% alongside 12% FCR reductions. These physiological enhancements are frequently mediated by the upregulation of growth-related genes, such as growth hormone receptors and insulin-like growth factor, which drive anabolic processes and improve feed efficiency metrics (Elshafy et al., 2024; Zhao et al., 2022)https://dummy-citation.com/citation?d=%3D%3D. Elevated oxygen concentrations further enhance water quality by supporting nitrifying bacteria that are crucial for the nitrogen cycle in aquatic environments, where oxygen-dependent aerobic bacterial processes require the maintenance of high dissolved oxygen levels for efficient conversion of ammonia to nitrate (Patkaew et al., 2024)https://dummy-citation.com/citation?d=%3D.
Practical implementation involves strategic dosing protocols tailored to species and life stages: pulse infusions (every 7-14 days) for grow-out phases or continuous low-level metering in biofloc systems. Economic analyses project 20-40% feed cost savings, pivotal for commercial scalability. However, variability in PAW generation- influenced by plasma source voltage, gas composition, and exposure time-necessitates standardization. Establishing uniform production parameters is critical to ensure reproducibility of growth outcomes across different aquaculture facilities (Mozzon et al., 2023)https://dummy-citation.com/citation?d=%3D.
Despite these advances, challenges include optimizing species-specific thresholds to prevent nitrate bioaccumulation in filter feeders and validating long-term performance under fluctuating salinities. Future research should prioritize genomic profiling of growth trajectories and multi-omics integration to refine formulations, positioning PAW as a cornerstone for sustainable, high-yield aquaculture.
Challenges and Future Perspectives
While both nanobubble and plasma water technologies show great promise for use in aquaculture, there are multiple challenges that must be overcome before they can see widespread implementation. Similar barriers have also been reported in other aquaculture systems, where sustainable expansion depends on resolving supply consistency, standardized grow-out practices, and health-management constraints (Aniket et al., 2025). Comparable implementation challenges have also been reported for larval rearing innovations, including feed palatability, microbial management, and the need for tailored strategies across species (Halpati et al., 2026). This aligns with findings from Tripura, India, where adoption of aquaculture technologies among small-scale fish farmers was constrained by financial limitations, resource shortages, and limited technical training (Karale et al., 2025). A consolidated overview of the major challenges and the corresponding future research directions is presented in Table 5. More studies are needed to explore the potential impacts of these technologies on aquatic life and the environment, and how much leeway they may have. Nanobubble and plasma water generation systems must be healthily scalable and cost-effective for sustainable aquaculture to prosper commercially. Specifically, standardizing treatment parameters such as exposure time, plasma source type, and gas composition across different species and developmental stages is crucial for achieving reproducible results (Kumar, 2025)https://dummy-citation.com/citation?d=%3D. Additionally, the development of regulatory criteria and approval from authorities such as the World Health Organization or the US Food and Drug Administration is essential to ensure the safe and standardized application of these novel sanitizers (Kolbe et al., 2024)https://dummy-citation.com/citation?d=%3D%3D.
Table 5: Challenges and future perspectives of nanobubble and plasma water technologies in aquaculture
	Aspect
	Challenges
	Future Perspectives

	Long-term effects
	Assessment of impacts on aquatic organisms and environment
	Comprehensive ecological studies

	Scalability and cost
	Optimization of generation systems for commercial aquaculture
	Development of efficient and affordable technologies

	Mechanisms of action
	Elucidation of molecular and cellular mechanisms
	Fundamental research on biological interactions

	Synergistic applications
	Integration with other sustainable aquaculture practices
	Exploration of combined approaches for enhanced benefits

	Standardization
	Development of protocols and guidelines for different settings
	Establishment of best practices and regulations


Further studies focusing on the molecular and cellular level mechanisms through which nanobubbles and PAW affect aquatic organisms is needed. Research on the synergistic effects obtained by pairing nanobubble and plasma water technologies with other sustainable aquaculture practices (e.g., probiotics, biofloc technology) should be carried out. Figure 3 highlights potential synergy pathways when nanobubble and PAW interventions are combined with complementary sustainability strategies. Moreover, it is important to have a standard protocol and guidelines in utilizing these technologies across various aquaculture settings. Similarly, Bhusare et al. (2026) emphasized that successful incorporation of black soldier fly larvae meal in aquafeeds requires strategic processing methods and species-specific formulations. Ethical considerations regarding the potential environmental impact and unforeseen consequences of nanomaterials require thorough investigation and regulatory oversight (Khan et al., 2024)https://dummy-citation.com/citation?d=. Addressing these concerns, comprehensive toxicity studies must be conducted to ensure the safety and biocompatibility of nanotherapeutics for aquatic organisms (Elgendy et al., 2024)https://dummy-citation.com/citation?d=%.
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Figure 3: Potential synergistic effects of combining nanobubble and plasma water technologies with other sustainable aquaculture practices
Conclusion
Nanobubble and plasma water technologies offer promising solutions to address the challenges faced by the aquaculture industry. These technologies have demonstrated potential in improving water quality, controlling diseases, and promoting the health and growth of aquatic organisms. The unique properties and mechanisms of action of nanobubbles and PAW make them effective tools for sustainable aquaculture practices. However, further research is needed to optimize their application, assess long-term impacts, and develop cost-effective and scalable systems. As the aquaculture industry continues to grow, the integration of nanobubble and plasma water technologies holds great promise for enhancing productivity, sustainability, and eco-friendliness in fish and shellfish farming.
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