


Cold Plasma Technology in Poultry Meat: A Review


Abstract
 	Cold plasma (non-thermal plasma) is an emerging surface decontamination technology that produces reactive oxygen and nitrogen species (RONS), UV photons and charged particles which inactivate microorganisms at near-ambient temperatures. For poultry meat, cold plasma (including in-package atmospheric cold plasma, dielectric barrier discharge, plasma jets and plasma-activated water) has demonstrated the ability to reduce pathogenic and spoilage organisms, extend refrigerated shelf life and provide options for chemical-free processing while largely preserving sensory and nutritional quality when properly optimised (Noriega et al., 2011; Dirks et al., 2012; Moutiq et al., 2020). This review summarises mechanisms, system types, poultry-specific applications, effects on meat quality, challenges (oxidation, surface complexity, scale-up, regulation) and future directions for industrial adoption. Key knowledge gaps and research priorities for integrating cold plasma into poultry processing chains are highlighted.
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1. Introduction
Poultry meat is a globally consumed protein but remains a common vehicle for foodborne pathogens such as Salmonella, Campylobacter, and spoilage bacteria (Noriega et al., 2011). Traditional interventions, such as thermal pasteurisation and chlorinated washes, have limitations—heat can damage product quality, and some chemical washes face regulatory or consumer resistance. Non-thermal surface technologies that achieve microbial reduction while preserving sensory quality are therefore highly attractive; among these, cold plasma has emerged as a promising approach for poultry meat processing (Dirks et al., 2012; Wang et al., 2016). Recent advances in cold plasma processing have demonstrated its versatility for meat, seafood, and fresh produce decontamination, highlighting its potential as a non-thermal, chemical-free technology (Misra et al., 2021; Tian et al., 2021; Akhtar et al., 2022; Misra & Jo, 2017). In poultry systems, both direct plasma and plasma-activated liquids have shown promising pathogen reduction with minimal quality degradation (Illera et al., 2022; Große-Peclum et al., 2023). Moreover, emerging industrial-scale trials and safety assessments indicate growing feasibility for integration into modern poultry processing lines (Zhuang et al., 2024; Jayasena et al., 2023). This review focuses specifically on cold plasma applications for poultry and poultry products, summarising experimental evidence, practical considerations, and future research directions.
2. Principles and Equipment Types
Cold plasma is a partially ionised gas containing reactive species (O·, OH·, O₃, NOx), ions, electrons and UV that are generated by applying an electric field to a working gas (air, O₂, N₂, He, Ar) (Niemira, 2012; Akhtar et al., 2022). Because treatments are non-thermal, product temperature remains near ambient, limiting heat damage (Niemira, 2012). Major cold plasma delivery formats used in poultry research include:
• Dielectric barrier discharge (DBD) 
Planar or roll-to-roll DBD systems generate plasma across a gap and have been used for direct treatment of chicken surfaces and in-package applications (Dirks et al., 2012; Zhang et al., 2022).
• In-package atmospheric cold plasma (IPCP) 
Plasma generated within sealed trays to treat products without opening packaging (Wang et al., 2016; Moutiq et al., 2020).
• Plasma jet / remote plasma 
Directed plasma plume for localized treatment, used for skin and small area treatments (Noriega et al., 2011).
• High-Voltage Atmospheric Cold Plasma (HVACP) 
Used for eggs and shell surface decontamination and tested for poultry-related surfaces (Chen et al., 2014; Illera et al., 2022).
• Plasma-Activated Water (PAW) 
Liquid generated by plasma treatment of water; used for dipping/washing carcasses and cuts (Kang et al., 2019; Große-Peclum et al., 2023).
Key controllable parameters are applied voltage/power, treatment time, working gas composition and exposure mode; these strongly determine microbial efficacy and any quality impacts (Dirks et al., 2012; Xiang et al., 2018).

3. Antimicrobial Efficacy on Poultry Surfaces and Products
3.1 Pathogen reductions on raw chicken
Early work demonstrated that dielectric barrier and atmospheric cold plasma can significantly reduce Campylobacter and Salmonella on chicken breasts and skin (Dirks et al., 2012). Dirks et al. reported log reductions that depended on inoculum level and exposure time, with breast muscle typically showing greater reductions than skin because skin topography shelters bacteria (Dirks et al., 2012; Noriega et al., 2011). The antimicrobial efficacy of cold plasma arises mainly from reactive oxygen and nitrogen species (RONS), charged particles, and UV photons that collectively damage microbial cell membranes, DNA, and intracellular enzymes, leading to leakage of cellular contents and cell death (Niemira, 2012; Xiang et al., 2018; Akhtar et al., 2022). Subsequent studies confirmed similar pathogen reductions using dielectric barrier discharge (DBD) or in-package atmospheric cold plasma (ACP) systems under various gas compositions and exposure conditions (Wang et al., 2016; Moutiq et al., 2020).

3.2 Spoilage organisms and shelf-life extension
In-package ACP treatments at optimized settings reduced natural microflora and extended refrigerated shelf life of chicken breast by reducing psychrotrophs and Pseudomonas spp. (Moutiq et al., 2020; Wang et al., 2016). Studies on braised chicken and ready-to-eat poultry products reported that DBD or IPCP treatments (with appropriate headspace gases) delayed spoilage and extended shelf life by days to weeks depending on initial quality and packaging (Zhang et al., 2022; Zhuang et al., 2024).
3.3 Plasma-Activated Water (PAW) for poultry
PAW dipping has been evaluated for poultry carcass washing and shows promise: Kang et al. (2019) reported ~1.05 log CFU/g reduction of Pseudomonas deceptionensis on chicken breasts after PAW immersion. PAW formulations and buffer systems (e.g., TRIS-buffered PAW) have been optimised to improve antimicrobial activity while moderating quality impacts (Große-Peclum et al., 2023; Qian et al., 2021).
3.4 Ready-to-eat poultry products and processed meat
Cold plasma has been applied to sliced cooked chicken sausages and RTE poultry slices with reported reductions in total viable counts and extended shelf life under refrigerated storage, with plasma generally outperforming UV in some trials (Zeraatpisheh et al., 2022; Zeraatpisheh et al., 2022 (PMC)). These studies indicate plasma’s utility for post-cooking surface recontamination control.

4. Effects on Poultry Meat Quality (Physicochemical & Sensory)
4.1 Colour and appearance
Colour changes depend on gas composition, power and exposure. Some studies reported minimal changes when IPCP was combined with modified atmospheres, while higher power/time caused reductions in redness (a*) and changes in lightness (L*) or yellowness (b*) (Wang et al., 2016; Zhang et al., 2022; Xiang et al., 2018).
4.2 Lipid and protein oxidation
RONS generated by CP can oxidise lipids and proteins. Many poultry studies report that properly optimised CP or PAW treatments do not cause significant increases in TBARS or protein carbonyls, but over-exposure can accelerate oxidation and cause off-flavours (Moutiq et al., 2020; Abdel-Naeem et al., 2022; Qian et al., 2021).
4.3 Texture, water-holding capacity and cooking loss
In most poultry trials, cold plasma treatments at moderate intensities, typically 50–80 kV for 1–5 min or equivalent plasma exposure doses below ~30 kJ/m² maintain texture and water-holding capacity (WHC) within acceptable limits (Dirks et al., 2012; Moutiq et al., 2020; Zhang et al., 2022). Plasma-activated water (PAW) has been shown in model systems to beneficially alter gel properties of chicken myofibrillar proteins (Qian et al., 2021), although prolonged immersion or highly reactive PAW formulations can affect surface moisture dynamics and appearance (Kang et al., 2019).
4.4 Sensory acceptance
Consumer panels in several studies registered no major differences in taste/texture for optimised treatments (Moutiq et al., 2020; Zeraatpisheh et al., 2022). However, when treatments were too intense or PAW conditions poorly chosen, sensory scores declined (Kang et al., 2019; Große-Peclum et al., 2023).

5. Factors Influencing Efficacy on Poultry Products
Several factors influence the efficacy of cold plasma treatments on poultry products. Surface topology plays a key role, as skin with feather follicles and fat provides micro-niches that shelter bacteria, making it more difficult to decontaminate compared to smooth muscle surfaces (Noriega et al., 2011; Dirks et al., 2012). The packaging headspace is also critical, with modified atmospheres such as high CO₂ or O₂/CO₂ mixtures enhancing the antimicrobial effect of in-package cold plasma and extending shelf life synergistically (Wang et al., 2016; Zhuang et al., 2024). The choice of working gas affects outcomes as well: air plasma delivers strong antimicrobial action but generates more NOx and oxidative changes, while inert gases like argon or helium reduce oxidation but are less cost-effective (Noriega et al., 2011; Zhang et al., 2022). Treatment power and time must be carefully balanced, since higher intensities achieve greater microbial inactivation but also increase the risk of product quality deterioration (Xiang et al., 2018; Moutiq et al., 2020). Finally, product temperature and humidity during treatment influence the persistence of reactive species and their reaction pathways, with humidity shown to enhance the generation of certain RONS (Akhtar et al., 2022).

6. Combination (Hurdle) Approaches
Multiple studies demonstrate synergy when cold plasma is combined with natural antimicrobials (essential oils), MAP, mild heat, or PAW, enabling lower plasma intensity while maintaining efficacy (Zhang et al., 2022; Große-Peclum et al., 2023; Zeraatpisheh et al., 2022). For example, CP + rosemary oil slowed microbial growth better than either alone in poultry fillets (AvMJ / 2024 study).

7. Safety, Regulatory and Practical Considerations
7.1 Formation of by-products and oxidation
RONS can form oxidation products; thorough compositional and toxicological evaluations are required to ensure treated meat has no harmful residues (Akhtar et al., 2022; Jayasena et al., 2023).
7.2 Equipment, energy and cost
Industrial adoption requires scalable, energy-efficient designs and safe high-voltage handling in processing plants (Moutiq et al., 2020; Illera et al., 2022). In-package systems are attractive because they allow closed-system treatment with reduced recontamination risk.
7.3 Validation and standardisation
Regulatory bodies need validated protocols, and industry must define critical control parameters, labeling rules and QA procedures (Jayasena et al., 2023).
7.4 Consumer acceptance
Transparent communication (chemical-free, non-thermal, safety data) and sensory assurance are critical to foster acceptance (Jayasena et al., 2023; Große-Peclum et al., 2023).

8. Future Research Needs and Perspectives
Future research on cold plasma in poultry should prioritise the development of standardised treatment matrices, enabling cross-laboratory comparisons on poultry muscle, skin and whole birds to facilitate reliable meta-analyses (Dirks et al., 2012; Moutiq et al., 2020). At the same time, mechanistic studies are needed to better understand how reactive oxygen and nitrogen species (RONS) interact with meat lipids, myoglobin and proteins, thereby defining safe exposure windows and minimising quality deterioration (Xiang et al., 2018; Qian et al., 2021). Moving beyond the laboratory, scale-up pilot trials should focus on in-package ACP and automated dielectric barrier discharge tunnels for treating whole carcasses and ready-to-eat poultry products (Illera et al., 2022). Integrating cold plasma with other hurdle strategies such as modified atmosphere packaging and natural antimicrobials may allow lower treatment intensities while preserving efficacy. Equally important are toxicology and by-product monitoring studies, which can establish safety margins for any oxidative or nitrative compounds formed during processing. Finally, consumer research and regulatory dialogue will be critical to address public perceptions, inform labelling requirements and shape regulatory acceptance pathways for industrial adoption of this promising technology.

9. Conclusion
Cold plasma technology (including DBD, IPCP, plasma jets and PAW) shows significant potential for improving microbial safety and shelf life of poultry meat while preserving quality when optimised. A growing body of poultry-specific evidence demonstrates reductions of pathogens and spoilage organisms and shelf-life gains, but practical industrial adoption hinges on addressing oxidation control, surface heterogeneity (skin), equipment scaling and regulatory acceptance. With coordinated research, pilot-scale demonstrations and risk assessments, cold plasma could become a standard, chemical-free intervention in modern poultry processing.
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