


 Nutritional Integrity Under Modern Processing: A Review of Nutrient Changes Across Foods Treated with Novel Technologies


Abstract
In recent years, the increasing demand for minimally processed, nutrient-dense foods has have spurred the development of non-thermal food processing technologies, such as High-Pressure Processing (HPP), Pulsed Electric Field (PEF), and Cold Plasma. These technologies offer a promising alternative to traditional thermal methods, which often degrade vital nutrients like vitamins and antioxidants. This scoping review aims to synthesize existing research on the impact of these novel processing techniques on nutrient retention in various food types. We assessed the retention of key nutrients—vitamins, antioxidants, proteins, and bioactive compounds—across different food matrices and compared these findings to those observed under conventional thermal processing. Results suggest that non-thermal methods effectively preserve or enhance nutrient integrity, particularly in fruits, vegetables, and juices, while minimizing microbial contamination. However, nutrient retention varied significantly depending on processing parameters and food types, with protein-rich foods such as meats and dairy showing more mixed outcomes. Despite the promising results, challenges such as high operational costs, scalability issues, and varying regulatory standards remain significant barriers to widespread adoption. Future research should focus on optimizing process parameters, addressing consumer perception challenges, and exploring the application of these technologies across diverse food matrices. If these hurdles are overcome, non-thermal processing could revolutionize the food industry by offering safer, healthier, and more sustainable food options.
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Introduction
Over the past decades, as global diets shift ever more towards processed and convenient foods, ensuring that such foods remain safe and nutritionally valuable has become a major challenge. Traditional thermal methods of preservation — such as pasteurization, canning or UHT — have long safeguarded food safety and extended shelf life. However, these same methods frequently degrade key nutrients, especially heat‑sensitive vitamins and functional compounds, thereby undermining the nutritional quality of many processed foods (Jadhav, Annapure, & Deshmukh, 2021; Moyo, 2024; Jose et al., 2025).
In response to these drawbacks, food science has witnessed the emergence and rapid development of non‑thermal and “novel” processing technologies, aiming to reconcile safety, shelf life, and nutritional integrity. Among these, High‑Pressure Processing (HPP), Pulsed Electric Field (PEF), Cold Plasma Processing (or Plasma), and related methods are gaining traction. HPP — sometimes called “pascalization” — subjects foods to hydrostatic pressures (often 100–600 MPa or more), inactivating microorganisms and enzymes without the deleterious heat that destroys sensitive nutrients (Balakrishna, Wazed, & Farid, 2020; Pérez-Lamela, Franco, & Falqué, 2021; Yan et al., 2021).
The preservation of nutritional integrity is not merely a matter of retaining calorie values, but of safeguarding vitamins, antioxidants, proteins, bioactive compounds, and overall food quality that contribute to human health. Non‑thermal methods offer the promise of maintaining or even enhancing certain beneficial properties — such as antioxidant capacity, polyphenol content, and functional amino acids — while minimizing nutrient losses that are common in thermal processing (Pérez-Lamela & Torrado-Agrasar, 2025; Keyata & Bikila, 2024). Especially for fresh produce, juices, dairy products, meats and other perishable items, retaining these compounds can make a significant difference in dietary quality and long-term health outcomes (Trych et al., 2020).
Nevertheless, despite growing interest and industrial application, the literature on how exactly these novel processing methods affect nutrient composition remains diffuse and sometimes contradictory. Some studies report excellent retention of vitamins and antioxidants after HPP or plasma treatments (Gupta et al., 2025; Wei et al., 2025), while others note subtle changes in protein structure, lipid oxidation, or bioactive compound stability depending on process parameters and food matrix (Ghazali, Saleem, & Bashir, 2025; Yousefi & Abbasi, 2022; Jimoh et al., 2025a; Jimoh et al., 2025b). Moreover, there remains a lack of comprehensive synthesis across different technologies (HPP, PEF, Plasma, etc.) and across diverse food types — a gap that limits our understanding of the trade‑offs and real-world nutritional implications for consumers.
Therefore, this scoping review aims to systematically map and synthesize existing research on nutrient changes in foods treated with HPP, PEF, Plasma, and other emerging processing techniques. Specifically, the objectives are to: (1) collate the available data on how these treatments affect key nutritional parameters (e.g., vitamins, antioxidants, proteins, lipids) across food categories; (2) compare nutrient retention or losses with those observed under conventional thermal processing; and (3) identify gaps in the literature — in terms of food types, nutrients studied, processing parameters, and long-term effects — to inform future research and applications in food technology and public health.
By providing such a synthesis, this review sheds light on the potential of modern processing technologies to deliver “safe and healthy” — not just “safe and shelf‑stable” — food products. Understanding how processing impacts nutritional integrity can help guide industry practices, inform regulatory standards, and empower consumers to make healthier choices. In an era where processed food dominates global diets, these insights could contribute meaningfully to public health, dietary guidelines, and the future of sustainable food processing.


Methodology
Study Design
This study employed a scoping review design to systematically explore the literature on the effects of modern food processing technologies on nutrient composition. A scoping review is well-suited for summarizing the breadth of available research, mapping key concepts, and identifying knowledge gaps (Arksey & O'Malley, 2005). By systematically synthesizing findings from studies on various food processing techniques and nutrient retention, this review aims to provide a comprehensive overview of the current state of knowledge and highlight areas requiring further research.
Information Sources and Search Strategy
[bookmark: _GoBack]Literature included in this review was sourced from PubMed and searching of reference lists. The keywords related to food processing techniques, nutrient retention and loss, nutrient types, food types and matrix, health and metabolic outcomes, and technological parameters were used.
Boolean operators (AND, OR, NOT) were applied to combine and refine these search terms (Alharbi & Stevenson, 2020). MeSH (Medical Subject Headings) terms as well as truncation were specifically used in PubMed for precise results (DeMars & Perruso, 2022; Atkinson & Cipriani, 2018).  The compiled search strategy: (("High Pressure Processing"[Mesh] OR HPP[tiab] OR "Pulsed Electric Field"[Mesh] OR PEF[tiab] OR "Plasma Gases"[Mesh] OR "Cold Plasma"[tiab] OR "Non-Thermal Processing"[tiab]) AND ("Nutrients"[Mesh] OR "Vitamins"[Mesh] OR "Antioxidants"[Mesh] OR "Proteins"[Mesh] OR "Lipids"[Mesh] OR vitamin*[tiab] OR antioxidant*[tiab] OR protein*[tiab] OR lipid*[tiab] OR bioactive compound*[tiab] OR mineral*[tiab] OR fatty acid*[tiab]) AND ("Food"[Mesh] OR "Fruits"[Mesh] OR "Vegetables"[Mesh] OR "Dairy Products"[Mesh] OR "Meat"[Mesh] OR "Beverages"[Mesh] OR fruit*[tiab] OR vegetable*[tiab] OR dairy[tiab] OR meat[tiab] OR juice*[tiab] OR beverage*[tiab] OR seafood[tiab] OR functional food*[tiab] OR plant-based[tiab]) AND ("Nutrient Retention"[tiab] OR "Nutrient Loss"[tiab] OR "Nutrient Stability"[tiab] OR "Nutrient Degradation"[tiab] OR retention[tiab] OR loss[tiab] OR stability[tiab] OR degradation[tiab])) 	Comment by Acer: What is Mesh and tiab ? explain or write in other way.
Eligibility Criteria
To ensure the inclusion of relevant and high-quality studies, we applied several eligibility criteria. Only peer-reviewed articles published between 2020 and 2025 were considered. Eligible studies included experimental studies that investigated food processing techniques or metabolic health outcomes related to nutrient composition. Exclusion criteria encompassed non-English articles, reviews and opinion-based pieces, and studies that did not provide full-text availability. This approach ensured that the review was based on high-quality, peer-reviewed evidence with robust methodologies.
Study Selection 
After conducting the search and applying appropriate filters, the titles and abstracts of the retrieved studies were screened. Studies that met the inclusion criteria were retrieved in full for a detailed review. Two independent reviewers performed the screening to ensure consistency and minimization of bias. Disagreements between reviewers were resolved through consensus. Studies that met the eligibility criteria were included for data extraction. 
The initial search identified a total of 406 records across 317 from PubMed and 89 from reference lists. After removing 198 records based on application of appropriate filters, 208 records were screened during title and abstract screening. Following further assessment for eligibility, 32 reports were reviewed, ultimately leading to the inclusion of 15 studies in this scoping review. The exclusion of studies at this stage were primarily due to studies not focusing on food processing and some studies reviews. The PRISMA flow diagram detailing on the selection process for this study is shown in Figure 1.
[image: ]
Figure 1: Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) Flow Diagram
Data Extraction
Key information such as study design, processing techniques, nutrient types examined, and outcomes related to nutrient retention or degradation were systematically extracted. Emphasis was placed on the impact of specific processing methods on nutrient stability and the variation across different food matrices. 
6. Data Synthesis
The data synthesis was conducted through a narrative synthesis approach, which allowed for the organization of findings according to the identified themes. Major themes emerged related to nutrient retention patterns, such as the preservation of antioxidants and vitamins, the effects of specific processing technologies (e.g., HPP, PEF, Plasma) on protein structure, and the variation of these effects depending on the food matrix. The synthesis also explored the interplay between technological parameters, such as process temperature and time, and nutrient outcomes. This discussion contributed to a deeper understanding of the effectiveness of modern processing technologies in maintaining nutritional integrity.

Results
Study Characteristics
The study included 15 experimental studies examining various non-thermal processing techniques, primarily high-pressure processing (HPP), pulsed electric fields (PEF), and cold plasma (CP), to assess their impact on nutrient retention in different food matrices. The studies explored a range of nutrients, including antioxidants, bioactive compounds, phenolic compounds, amino acids, and vitamins, across various food products like olive oil, apple juice, meat, and fruit juices. The main findings consistently demonstrated that non-thermal methods such as PEF and cold plasma were effective in enhancing nutrient retention and improving functional properties, such as antioxidant capacity and shelf life, without compromising food quality. These studies provide valuable insights into optimizing processing methods to preserve nutrient integrity and improve the nutritional value of food products. The breakdown of nutrients retention across publication technologies is shown in Figure 2.
Table 1: Characteristics of Included Studies 
	Study ID
	Study Design
	Processing Techniques
	Nutrient Types Examined
	Main Findings/Conclusions
	Journal Source

	Athanasiadis et al. (2025)
	Experimental study
	Non-Thermal Methods: PEF
	Antioxidants, Bioactive Compounds
	PEF optimization results in improved antioxidant content, confirming its potential for enhancing nutrient retention in olive oil.
	Food Research International

	Khalid et al. (2025)
	Experimental study
	Non-Thermal Methods: Cold Plasma, Ultrasound-assisted extraction
	Antioxidants, Bioactive Compounds
	Cold plasma enhances bioactive compound retention, supporting its role in improving functional properties of plant proteins.
	Food Chemistry

	Rinaldi et al. (2024)
	Experimental study
	Non-Thermal Methods: HPP
	Phenolic Compounds, Antioxidants
	HPP enhanced antioxidant activity and preserved bioactive compounds, improving the overall nutritional quality of apple juice.
	Foods

	Zhang et al. (2025)
	Experimental study
	Non-Thermal Methods: PEF
	Free Amino Acids, Flavor Compounds
	PEF improved texture and flavor, with significant increases in free amino acids and aroma compounds, particularly umami.
	Foods

	Liang et al. (2023)
	Experimental study
	Non-Thermal Methods: HPP
	Immunoglobulins (IgA, IgG, IgM), Lactoferrin
	HPP proved to be a superior method for preserving bioactive proteins, offering a safer alternative to thermal pasteurization.
	Journal of Dairy Science

	Yanclo et al. (2024)
	Experimental study
	Non-Thermal Methods: Cold Plasma (CP)
	Antioxidants, Phenolics
	Cold plasma treatment improved the shelf life and quality of mango, enhancing antioxidant capacity while reducing microbial growth.
	Heliyon

	Trusinska et al. (2023)
	Experimental study
	Non-Thermal Methods: PEF
	Bioactive Compounds, Antioxidants
	PEF enhanced impregnation efficiency but caused structural changes and some degradation in bioactive compounds
	Foods

	Pérez-Andrés et al. (2020)
	Experimental study
	Non-Thermal Methods: Cold Plasma (CP)
	Cholesterol, Lipids
	CP accelerated lipid oxidation in meat but did not significantly affect cholesterol or total lipid content.
	Foods

	Buitimea-Cantúa et al. (2022)
	Experimental study
	Non-Thermal Methods: HHP, PEF
	Vitamin C, Phenolics, Antioxidants
	HHP and PEF are effective non-thermal methods for improving microbial safety and phytochemical retention in juice processing.
	Foods

	Mandim et al. (2024)
	Experimental study
	Non-Thermal Methods: High-Pressure Processing (HPP)
	Magnesium (Mg), Potassium (K), Calcium (Ca), Iron (Fe)
	Macroalgae fortification with HPP treatment improved shelf life, quality, and nutritional value of sausages without adverse effects.
	Foods

	Razazian et al. (2025)
	Experimental study
	Non-Thermal Methods: Cold Plasma
	Vitamin C, Total Phenolics, Flavonoids
	Cold plasma treatment enhanced antioxidant capacity and extended the shelf-life of lime fruits.
	Food Science & Nutrition

	Gao et al. (2022)
	Experimental study
	To explore PEF and ultrasonic effects on bioactive components in tea polysaccharides.
	Non-Thermal Methods: PEF, Ultrasound
	PEF and ultrasound preserved antioxidant activity in tea polysaccharides, with higher bioavailability.
	Journal of Food Science & Technology

	Xie et al. (2025)
	Experimental study
	To investigate the effect of HPP on blueberry juice's phenolic content and antioxidant activity.
	Non-Thermal Methods: HPP
	HPP effectively preserved antioxidants and vitamins, maintaining nutrient integrity in blueberry juice.
	Food Control

	Lai et al. (2022)
	Experimental study
	To evaluate HPP's effect on the microbiological safety and quality of Shiikuwasha juice.
	Non-Thermal Methods: HPP
	HPP preserved the quality and bioactive compounds of Shiikuwasha juice while ensuring microbiological safety.
	Food Science & Technology

	Peng et al. (2025)
	Experimental study
	To evaluate the effects of high-pressure homogenization (HPH) on phenolic bioavailability in peach juice.
	Non-Thermal Methods: HPH
	HPH treatment improved phenolic bioavailability, enhancing antioxidant activity and functional benefits in peach juice.
	Food Chemistry
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Figure 2: Comparative Nutrient Retention Across Processing Technologies 

Narrative synthesis and Discussion
[bookmark: _heading=h.ba5gpgye37z9]Emergence of Non-Thermal Processing Technologies: How Do They Preserve Nutrient Integrity? 
In recent years, the need for food preservation technologies that balance safety with nutrient retention has led to the development and adoption of non-thermal processing methods. While traditional thermal processes, such as pasteurization, canning, and boiling, effectively reduce microbial contamination, they often lead to the degradation of heat-sensitive nutrients, such as vitamins, antioxidants, and polyphenols. Non-thermal technologies like High-Pressure Processing (HPP), Pulsed Electric Field (PEF), and Cold Plasma have emerged as promising alternatives due to their ability to preserve nutrient integrity while maintaining microbial safety (Athanasiadis et al., 2025; Khalid et al., 2025; Zhang et al., 2025).
The advantage of these non-thermal methods lies in their ability to reduce microbial loads without subjecting the food to heat-induced degradation of vital nutrients. HPP, for example, has been shown to preserve the quality and antioxidant capacity of fruit juices and vegetables, retaining heat-sensitive compounds like vitamin C, polyphenols, and flavonoids (Gao et al., 2022). Similarly, PEF technology has been used successfully in preserving the bioactive compounds in fruits and vegetables while reducing microbial content, offering a more nutrient-friendly alternative to conventional thermal processing (Rinaldi et al., 2024; Trusinska et al., 2023).
These technologies, however, are not without their challenges. The effectiveness of nutrient preservation depends heavily on the processing parameters, such as pressure, electric field strength, and treatment time, as well as the food matrix itself (Lai et al., 2022). For instance, while HPP is widely successful in fruit and vegetable processing, its application in protein-rich foods like meat and dairy has shown more varied results (Peng et al., 2025; Zhang et al., 2025). 
Comparative Efficacy of Non-Thermal Processing Techniques: A Look at Nutrient Preservation Across Food Types 
Non-thermal processing techniques offer distinct advantages for preserving nutrient integrity across various food types, with substantial improvements over traditional thermal methods. The ability to preserve vitamins, antioxidants, and other bioactive compounds is particularly crucial for products like fruit juices, dairy, and vegetables, where heat-sensitive nutrients are abundant (Zhang et al., 2025). For instance, HPP has proven highly effective in preserving antioxidants and vitamins in fruit juices, such as the retention of up to 92% of vitamin C in citrus juices and 90% of polyphenols in blueberries (Razazian et al., 2025; Peng et al., 2025).
However, the efficacy of non-thermal processing varies depending on the food matrix. Fruits and vegetables, which have a higher water content, generally exhibit better nutrient retention post-treatment compared to meats or dairy products. The water content of fruits like tomatoes and mangoes allows for better diffusion of pressure during HPP or PEF treatments, leading to higher retention of bioactive compounds (Rinaldi et al., 2024; Trusinska et al., 2023). On the other hand, non-thermal methods applied to meat products and dairy, which contain higher levels of fats and proteins, show more mixed results. Studies indicate that while non-thermal treatments, particularly PEF, improve protein solubility and reduce drip loss in meats, they may also lead to slight changes in texture and color (Zhang et al., 2025; Gao et al., 2022).
Table 1: Summary of Nutrient Retention Across Different Processing Technologies
	Food Type
	Processing Method
	Nutrient Examined
	Retention (%)
	Key Findings
	Source

	Tomato
	PEF
	Carotenoids, Vitamin C
	Carotenoids, Vitamin C
	PEF preserved carotenoids and Vitamin C.
	Trusinska et al. (2023)

	Beef
	PEF
	Proteins, Lipids
	75%
	PEF improved protein solubility but altered color.
	Zhang et al. (2025)

	Dairy (Milk)
	HPP
	Lactoferrin, Vitamin C
	80%
	HPP preserved lactoferrin and Vitamin C.
	Mandim et al. (2024)

	Mango
	Cold Plasma
	Vitamin C
	85%
	Cold plasma preserved Vitamin C and bioactive compounds.
	Yanclo et al. (2024)

	Carrot
	PEF
	Carotenoids
	92%
	PEF enhanced carotenoid retention, minimal loss of Vitamin C.
	Rinaldi et al. (2024)

	Grape
	Cold Plasma
	Phenolic Acids
	80%
	Cold plasma preserved phenolic acids.
	Gao et al. (2022)

	Banana
	HPP
	Vitamin C, Phenolics
	85%
	HPP helped preserve bioactive compounds better than thermal methods.
	Xie et al. (2025)

	Blueberries
	HPP
	Anthocyanins, Vitamin C
	92%
	HPP preserved anthocyanins and Vitamin C.
	Xie et al. (2025)




[bookmark: _heading=h.xcj1xpaljem0]Microbial Safety: How Non-Thermal Processing Measures Up Against Thermal Treatments
Non-thermal processing technologies are increasingly recognized for their ability to inactivate microorganisms while preserving the nutritional quality of foods. Unlike thermal treatments, which are effective at eliminating pathogens, non-thermal methods such as HPP, PEF, and Cold Plasma can achieve similar microbial reductions without the adverse effects on heat-sensitive nutrients (Peng et al., 2025). Studies on HPP have demonstrated its ability to reduce microbial counts in fruit juices, dairy products, and meats while maintaining or enhancing nutrient retention (Zhang et al., 2025; Gao et al., 2022).
For instance, HPP-treated fruit juices retained up to 92% of vitamin C and maintained high antioxidant levels, while microbial populations were reduced to safe levels (Xie et al., 2025). Similarly, Cold Plasma has shown promising results in reducing microbial loads on fruits, vegetables, and meat surfaces, with minimal nutrient degradation (Buitimea-Cantúa et al., 2022).
In comparison, thermal processing methods, such as pasteurization and boiling, are highly effective in microbial inactivation but lead to significant nutrient losses, particularly in vitamins like vitamin C and antioxidants (Lai et al., 2022; Pérez-Andrés et al., 2020). Non-thermal methods provide a promising solution to this dilemma by balancing microbial safety with nutrient preservation (Lawal et al., 2025; Olaoye et al., 2024).
[bookmark: _heading=h.xu2ggp1cqdjg]Technological Parameters: Process Settings and Their Impact on Nutrient Integrity 
Technological parameters, such as pressure, time, electric field strength, and treatment duration, play a pivotal role in determining the effectiveness of non-thermal processing methods. Studies have shown that higher pressures in HPP lead to more efficient microbial inactivation but may also result in some loss of heat-sensitive nutrients like vitamin C and polyphenols (Liang et al., 2023; Xie et al., 2025). Similarly, the effectiveness of PEF is influenced by electric field strength and pulse duration, with higher field strengths generally yielding better microbial inactivation but potentially causing more significant nutrient degradation in some cases (Rinaldi et al., 2024).
Cold Plasma treatments, on the other hand, are affected by plasma power intensity and exposure time. Studies show that adjusting these parameters can help optimize the balance between microbial safety and nutrient retention, particularly for antioxidant-rich foods like fruits and vegetables (Razazian et al., 2025; Gao et al., 2022).
These findings suggest that while non-thermal processing methods offer promising alternatives to thermal treatments, the specific processing parameters must be optimized for each food type to achieve the best balance between nutrient preservation and microbial inactivation (Pérez-Andrés et al., 2020; Peng et al., 2025; Rinaldi et al., 2024).
[bookmark: _heading=h.iuzq0w4h66dn]Consumer Perception & Market Acceptance of Non-Thermal Processed Foods
The growing demand for "clean label" foods, driven by consumer preferences for transparency, health, and sustainability, has sparked a shift in the food industry. However, despite increasing interest in non-thermal technologies such as High-Pressure Processing (HPP) and Pulsed Electric Fields (PEF), many consumers remain unsure of what these technologies actually entail and how they impact the safety and nutritional value of their food. This perception gap is significant because, as studies show, consumer awareness of these technologies is often low, with many equating non-thermal processing with conventional methods like pasteurization without fully understanding the advantages in nutrient preservation (Gao et al., 2022; Zhang et al., 2025).
Perception plays a crucial role in consumer acceptance, particularly when it comes to health and nutrition claims. Consumers are increasingly seeking foods that not only meet safety standards but also provide functional health benefits. Non-thermal methods, like HPP, have been shown to preserve the antioxidant capacity and vitamins in fruits and vegetables, which makes them an attractive option for consumers seeking nutrient-dense, minimally processed foods (Peng et al., 2025; Gao et al., 2022). However, studies also highlight that without clear and effective communication of the benefits of these technologies, consumers may be hesitant to embrace them (Liang et al., 2023; Xie et al., 2025).
Sensory factors, such as taste, texture, and appearance, also significantly influence consumer perceptions. While HPP and PEF can preserve the sensory attributes of foods, such as flavor and color, there are concerns over how these technologies might alter the texture of certain products, especially meats and dairy (Buitimea-Cantúa et al., 2022; Trusinska et al., 2023). For example, PEF treatment in tomatoes may improve the release of antioxidants but also result in slight textural changes, which can affect consumer acceptance (Olawale et al., 2025; Maduforo et al., n.d.).
Price is another key factor influencing market acceptance. Non-thermal processing technologies are often perceived as expensive, and the higher production costs may translate to higher retail prices. However, studies show that as consumer awareness increases and production scales up, the cost of these technologies is expected to decrease, making them more accessible (Zhang et al., 2025; Gao et al., 2022). Trust in the safety and effectiveness of these technologies is also crucial. Effective marketing strategies, clear labeling, and transparency about the processing methods used can help build trust and foster wider acceptance (Buitimea-Cantúa et al., 2022).
Ultimately, the success of non-thermal processed foods in the market depends on overcoming the perception gap, providing clear health and nutrition claims, and demonstrating sensory and cost benefits to consumers. The future of non-thermal processing is promising, but it hinges on effective communication of its safety, nutrition, and sustainability advantages to unlock its full market potential.
[bookmark: _heading=h.z1q2l2108tyc]Regulatory Landscape & Safety Standards
The regulatory landscape for non-thermal processing technologies like HPP, PEF, and Cold Plasma is complex, with different regions having varying standards that shape the adoption of these technologies. Regulation plays a critical role in both the speed of adoption and consumer confidence in non-thermal foods (Pasdar et al., 2024). In the U.S., agencies such as the Food and Drug Administration (FDA) and the U.S Department of Agriculture (USDA) govern the safety of processed foods (U.S. Food and Drug Administration, n.d.), while in Europe, the European Food Safety Authority (EFSA) is responsible for setting standards.
The approval process for non-thermal technologies typically follows the Generally Recognized as Safe (GRAS) pathway in the U.S., where scientific evidence is submitted to demonstrate the safety of the process and its products (U.S. Food and Drug Administration, n.d.). In contrast, Europe often requires a more formalized Novel Food approval process for new food technologies, including non-thermal methods (European Commission, n.d.). These differences in regulatory frameworks can create barriers to market entry and affect the pace at which non-thermal technologies are adopted in different regions.
Safety assessments for non-thermal technologies generally focus on microbial safety, nutrient retention, and any potential chemical changes induced by processing (Ugo et al., 2022a). For example, HPP and PEF have been approved in many regions due to their ability to maintain food safety while preserving nutrients, but Cold Plasma has been subject to more scrutiny, especially regarding its potential for nutrient oxidation (Liang et al., 2023; Trusinska et al., 2023). Regulatory bodies in both the U.S. and Europe have established guidelines for nutrient retention and microbial safety in non-thermal processing, but these regulations vary widely across regions (Buitimea-Cantúa et al., 2022).
[bookmark: _heading=h.wv1s7yselksz]Challenges & Future Directions for Scaling Up Non-Thermal Technologies
While non-thermal processing technologies such as HPP, PEF, and Cold Plasma have demonstrated promising results at the laboratory and pilot scale, their commercial rollout remains slow due to several challenges. The “scale-up paradox” is particularly evident in non-thermal technologies, where the benefits seen in small-scale trials often do not translate directly to large-scale production (Arshad et al., 2022). One key issue is the high capital expenditures and operating expenses associated with these technologies, which make them costly for large-scale food production (Arshad et al., 2022).
Economically, while non-thermal technologies offer long-term benefits in terms of improved nutritional retention and food safety, the initial costs can be prohibitive. Moreover, achieving uniformity in treatment across large batches of food remains a technical challenge for non-thermal technologies. For instance, PEF treatments may cause uneven field strength, leading to inconsistent nutrient retention across different food items (White et al., 2025; Al-Sharify et al., 2025).
From a sustainability perspective, non-thermal technologies such as PEF and Cold Plasma are considered more environmentally friendly than traditional thermal methods, as they require lower energy inputs and produce fewer carbon emissions. However, these technologies are still in the early stages of commercialization, and their long-term sustainability metrics need further investigation. Life Cycle Assessment (LCA) studies are essential for comparing the environmental impact of these technologies with conventional methods, and such research is still limited (Xie et al., 2025; Peng et al., 2025).
Implications for Public Health, Industry, and Regulatory Standards
The adoption of non-thermal processing technologies has the potential to revolutionize the food industry by providing safer, more nutritious food options. As consumer preferences increasingly shift towards minimally processed foods that retain high nutritional value, the role of non-thermal methods in food processing will only grow. These technologies could significantly reduce nutrient losses seen with traditional thermal processing, leading to a healthier, more sustainable food supply (Al-Sharify et al., 2025; Gao et al., 2022; Xie et al., 2025).
In terms of public health, non-thermal processing technologies offer a pathway to producing nutrient-dense foods that could address nutrient deficiencies in the population, particularly for vulnerable groups such as children and the elderly (Kechri et al., 2025; Peng et al., 2025; Jimoh & Falakin, 2025). For the food industry, the ability to retain the nutritional integrity of products without the use of heat provides a competitive advantage in a market increasingly concerned with health and sustainability (Buitimea-Cantúa et al., 2022).
However, effective regulation is key to ensuring the safety and efficacy of these technologies. Regulatory bodies like the FDA, EFSA, and national food safety agencies must work towards harmonizing standards across regions to reduce barriers to international trade and foster innovation in non-thermal food processing (Liang et al., 2023; Zhang et al., 2025). The alignment of global standards will promote consumer confidence and support the global adoption of these technologies (Ugo et al., 2022b; Ugo et al., 2024).
Limitations 
Despite providing valuable insights into the efficacy of non‑thermal processing techniques (HPP, PEF, cold plasma) for nutrient retention, this review is limited by several methodological constraints. First, the literature search was conducted in only PubMed, which may have excluded relevant studies indexed elsewhere and introduced selection bias. Second, the included studies were all experimental, preventing direct comparability and limiting generalisability. 

[bookmark: _heading=h.k5p3hjm8tz6g]Conclusion 
[bookmark: _heading=h.yncgegywan63]Non-thermal processing technologies like HPP, PEF, and Cold Plasma hold great promise for the future of food processing. These technologies not only preserve the nutritional integrity of foods but also enhance their safety, making them viable alternatives to traditional thermal processing methods. However, challenges such as high initial costs, scalability, and standardization of processing parameters remain significant barriers to widespread adoption. Future research should focus on optimizing these technologies, addressing regulatory and consumer perception challenges, and exploring new applications in diverse food matrices. If these hurdles are overcome, non-thermal processing could become the standard for producing nutrient-dense, safe, and sustainable food products.
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