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Abstract  

Food processing technologies are vital for food safety and shelf life, but can harm nutritional quality through 

heat-sensitive nutrient losses. This review examines the balance between nutrient preservation and safety 

across thermal and non-thermal methods. Thermal processes such as pasteurization and sterilization 

effectively kill microorganisms but also cause significant nutrient loss and produce contaminants. Non-

thermal technologies such as HPP, PEF, cold plasma, UV, and ultrasound retain nutrients and preserve 

sensory qualities but have limitations in spore inactivation and penetration. High-pressure thermal 

sterilization and hurdle technology combine moderate thermal loads with non-thermal methods to enhance 

both safety and nutritional quality. Recent studies through 2024 evaluate mechanisms, outcomes, and 

dependencies, provide a framework for optimizing nutrition and safety, and offer recommendations on 

standard metrics, validation, and regulation. The choice of processing depends on food type, target 

microbes, and shelf life, with hybrid approaches offering the best prospects for nutrient-rich, safe foods. 

Keywords: Food Processing Technologies, Thermal Processing, Non-Thermal Processing, Nutritional 

Quality, Food Safety 

1. Introduction 

Food processing is fundamental to modern food systems, serving dual imperatives of ensuring 

microbiological safety and extending product shelf life while maintaining or enhancing nutritional value 

and sensory appeal. The global food processing industry faces increasing pressure to deliver foods that are 

simultaneously safe, nutritious, convenient, and minimally processed, a set of requirements that often 
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conflict at the technological level (Knorr et al., 2011). Traditional thermal processing methods have long 

served as the gold standard for achieving microbial safety through reliable inactivation of pathogens and 

spoilage organisms. However, these methods invariably compromise nutritional quality through heat-

induced degradation of vitamins, proteins, and bioactive compounds, while potentially generating 

undesirable processing contaminants (Chacha et al., 2021). The nutrition-safety trade-off represents a 

fundamental challenge in food technology: increasing thermal intensity improves microbial lethality but 

accelerates nutrient degradation, whereas milder processing preserves nutritional quality but may 

inadequately address safety concerns (Hassoun et al., 2020). This tension has driven decades of innovation 

in food processing technologies, with particular emphasis on non-thermal methods that promise to decouple 

safety from nutritional compromise. Technologies such as high-pressure processing (HPP), pulsed electric 

fields (PEF), cold plasma, ultraviolet (UV) radiation, and ultrasound have emerged as alternatives that can 

achieve microbial reduction while better preserving heat-sensitive nutrients and sensory attributes (Pasdar 

et al., 2024). 

Despite considerable research investment, the practical implementation of non-thermal technologies 

remains limited by several factors: incomplete microbial inactivation profiles (particularly for bacterial 

spores), matrix-dependent efficacy, equipment costs, scale-up challenges, and regulatory uncertainties 

(Morshedi et al., 2014). Moreover, the literature reveals substantial heterogeneity in reported outcomes, 

reflecting variations in processing parameters, food matrices, and evaluation methodologies that complicate 

direct comparisons and evidence synthesis (Chacha et al., 2021). Recent advances in combined or hurdle 

approaches, integrating non-thermal technologies with reduced thermal loads or other preservation factors, 

offer promising pathways to optimize both nutrition and safety outcomes, yet require systematic validation 

across diverse food systems (Dey et al., 2022). This conceptual review critically examines the state of 

knowledge regarding nutrition-safety trade-offs in food processing technologies through 2024. The 

objectives are threefold: (1) to systematically characterize the mechanisms and outcomes of major thermal 

and non-thermal processing technologies with respect to nutritional quality and food safety; (2) to analyze 

the fundamental trade-offs, synergies, and matrix dependencies that govern technology performance; and 

(3) to identify emerging technological strategies and research priorities for achieving balanced nutrition-

safety outcomes. By synthesizing evidence from authoritative reviews and comparative studies, this paper 

provides a conceptual framework for understanding and optimizing the nutrition-safety continuum in 

processed foods, with implications for technology selection, product development, and regulatory policy. 
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2. Overview of Food Processing Technologies 

Food processing technologies can be broadly classified into thermal and non-thermal categories based on 

their primary mechanism of microbial inactivation and energy input. Understanding the operational 

principles, parameter ranges, and fundamental mechanisms of these technologies is essential for tracing 

their differential impacts on nutritional quality and food safety. 

2.1 Thermal Processing Technologies 

Thermal processing encompasses a range of heat-based methods that achieve microbial inactivation through 

heat-induced denaturation of proteins, enzymes, and cellular membranes. The principal thermal 

technologies include pasteurization, sterilization, blanching, retorting, and emerging methods such as 

microwave, radiofrequency, and superheated steam processing (Hassoun et al., 2020). Conventional 

thermal processing delivers high microbial lethality and has been extensively validated for safety assurance, 

making it the regulatory and industrial standard for shelf-stable and extended-shelf-life products. However, 

thermal treatments inevitably cause degradation of heat-labile nutrients, generate Maillard reaction 

products, and may produce processing contaminants such as furan and hydroxy methyl furfural (HMF) 

when applied at high temperatures for extended durations (Fang et al., 2022). Pasteurization typically 

involves heating to 72–85°C for seconds to minutes, sufficient to inactivate vegetative pathogens and extend 

refrigerated shelf life, but inadequate for spore control. Sterilization and retorting employ higher 

temperatures (115–135°C) for longer periods to achieve commercial sterility, including inactivation 

of Clostridium botulinum spores in low-acid foods, but at the cost of substantial nutrient losses and quality 

degradation. Emerging thermal technologies such as superheated steam processing operate in an oxygen-

limited environment with faster heat transfer, potentially reducing oxidation and preserving quality relative 

to conventional heating (Fang et al., 2022). Microwave and radiofrequency heating offer rapid volumetric 

heating that can shorten exposure times, though temperature distribution uniformity remains a technical 

challenge. 

2.2 Non-Thermal Processing Technologies 

Non-thermal processing technologies inactivate microorganisms through mechanisms other than bulk 

heating, thereby offering potential to preserve heat-sensitive nutrients and sensory attributes. The major 

non-thermal technologies include high-pressure processing (HPP), pulsed electric fields (PEF), cold 

plasma, ultraviolet and pulsed light treatments, and ultrasound-based methods (Knorr et al., 2011; Chacha 

et al., 2021). 
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High-Pressure Processing (HPP), also termed high hydrostatic pressure (HHP), applies isostatic pressure 

typically ranging from 100 to 600 MPa at ambient or mildly elevated temperatures. Microbial inactivation 

occurs through pressure-induced perturbation of cell membranes, protein denaturation, and disruption of 

cellular functions, with vegetative bacteria, yeasts, molds, viruses, and parasites being susceptible, while 

bacterial spores exhibit substantial pressure resistance (Pasdar et al., 2024; Morshedi et al., 2014). HPP has 

gained commercial adoption for products such as juices, ready-to-eat meats, guacamole, and infant foods 

due to its ability to extend shelf life while maintaining fresh-like sensory and nutritional qualities. Pulsed 

Electric Fields (PEF) deliver high-intensity (10–80 kV/cm), short-duration (microseconds to milliseconds) 

electric pulses to liquid or semi-liquid foods, causing electroporation, the formation of pores in microbial 

cell membranes, leading to cell death. PEF is effective for inactivating vegetative microorganisms in liquid 

matrices and can enhance extraction and bioaccessibility of bioactive compounds through controlled 

permeabilization of plant cell walls (Chen et al., 2024). However, PEF application is limited to electrically 

conductive liquids and faces scale-up challenges for heterogeneous or solid foods. Cold Plasma technology 

generates reactive oxygen and nitrogen species (RONS) at near-ambient temperatures through ionization 

of gases, providing surface decontamination of fresh produce, packaging materials, and equipment. Cold 

plasma offers rapid treatment times and minimal thermal impact, though efficacy is limited to surface and 

shallow penetration depths, with shadowing effects reducing performance on irregular surfaces (Chacha et 

al., 2021). 

Ultraviolet (UV) and Pulsed Light treatments employ germicidal wavelengths (primarily UV-C at 254 nm) 

to damage microbial DNA, achieving surface decontamination of liquids, packaging, and produce surfaces. 

Pulsed light delivers high-intensity broad-spectrum light in short pulses, combining photochemical and 

photothermal effects for enhanced microbial inactivation. Both technologies are surface-active and preserve 

bulk nutrient content, though high doses may cause oxidation of surface phytochemicals and color changes 

(Chacha et al., 2021). Ultrasound and Cavitation technologies utilize high-frequency sound waves (20 kHz–

1 MHz) to generate acoustic cavitation, the formation, growth, and implosive collapse of bubbles, 

producing localized mechanical disruption, shear forces, and transient high temperatures that contribute to 

microbial inactivation and enhanced mass transfer. Ultrasound is often employed in combination with other 

preservation methods (thermosonication, manosonication) to achieve synergistic effects, though standalone 

ultrasound typically provides only partial microbial reduction (Knorr et al., 2011). 

2.3 Hybrid and Hurdle Technologies 

Recognizing the limitations of single-technology approaches, hybrid and hurdle strategies combine multiple 

preservation factors, such as moderate heat, pressure, pH adjustment, water activity reduction, and 
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antimicrobial compounds, to achieve target safety levels while minimizing individual factor intensity (Dey 

et al., 2022). High-Pressure Thermal Sterilization (HPTS) exemplifies this approach by combining elevated 

pressure (600–700 MPa) with temperatures of 90–121°C to achieve spore inactivation and commercial 

sterility with shorter thermal exposure times than conventional retorting, potentially reducing formation of 

heat-dependent contaminants while better retaining select nutrients. Hurdle technology frameworks 

emphasize that sublethal stresses from multiple factors can act synergistically or additively to overcome 

microbial resistance mechanisms, offering flexibility to tailor processing to specific product requirements 

(Jeevitha et al., 2023). 

3. Effects of Processing Technologies on Nutritional Quality 

The impact of food processing on nutritional quality is multifaceted, encompassing changes in 

macronutrient structure, micronutrient content, bioactive compound levels, and nutrient bioaccessibility. 

Processing effects are governed by the intensity and duration of treatment, the specific technology 

employed, and the physicochemical properties of the food matrix. 

3.1 Thermal Processing Effects on Nutrients 

Conventional thermal processing causes well-documented losses of heat-sensitive vitamins, particularly 

vitamin C (ascorbic acid), thiamin (vitamin B1), folate (vitamin B9), and to varying extents, other B 

vitamins and fat-soluble vitamins (Hassoun et al., 2020). The degradation kinetics follow first-order 

reaction models, with losses escalating as temperature and time increase. Pasteurization of milk, for 

instance, results in 10–25% loss of vitamin C and thiamin, while ultra-high-temperature (UHT) treatment 

can cause losses exceeding 50% for these vitamins. Sterilization and retorting of canned vegetables and 

fruits routinely result in 30–80% reductions in heat-labile vitamins, depending on product type, pH, oxygen 

availability, and processing severity. Thermal processing also affects protein structure and functionality 

through denaturation, aggregation, and Maillard reactions between reducing sugars and amino acids. While 

moderate heating can enhance protein digestibility by unfolding structures and inactivating antinutritional 

factors, excessive heating generates advanced glycation end products (AGEs) and reduces bioavailability 

of essential amino acids, particularly lysine (Fang et al., 2022). Bioactive compounds such as polyphenols, 

carotenoids, anthocyanins, and glucosinolates exhibit variable thermal stability, with some compounds 

(e.g., lycopene) showing enhanced bioavailability after mild heating due to matrix softening and 

isomerization, while others (e.g., anthocyanins, vitamin C) degrade rapidly at elevated temperatures. 

Thermal processing can also generate undesirable compounds, including furan (a potential carcinogen 

formed during heating of carbohydrate-rich foods), acrylamide (formed in high-temperature processing of 



 

 

90 

 

starchy foods), and heterocyclic amines and polycyclic aromatic hydrocarbons (in high-temperature 

cooking of meats). The formation of these processing contaminants represents an additional nutritional and 

safety concern associated with intensive thermal processing (Hassoun et al., 2020). 

3.2 Non-Thermal Processing Effects on Nutrients 

Non-thermal technologies generally preserve heat-sensitive nutrients more effectively than equivalent-

lethality thermal treatments, though outcomes are technology- and matrix-dependent. HPP at moderate 

pressures (400–600 MPa) has been shown to retain vitamins, antioxidants, and phytochemicals at levels 

significantly higher than thermal pasteurization across diverse food matrices including fruit juices, 

vegetable products, and dairy foods (Pasdar et al., 2024; Morshedi et al., 2014). A comparative study of 

milk processing demonstrated that HPP at 400 MPa for 5 minutes achieved microbial reductions equivalent 

to pasteurization while retaining approximately 94% of immunoglobulin G (IgG) and 84% of lactoferrin, 

compared to losses of 97% and 71%, respectively, in UHT-treated milk (Chen et al., 2024). This substantial 

preservation of bioactive proteins illustrates the nutritional advantages of moderate-pressure HPP for 

products where vegetative microbial control is sufficient. 

PEF treatment preserves vitamins and antioxidants in liquid foods while potentially enhancing extractability 

and bioaccessibility of phytochemicals through controlled cell membrane permeabilization. Studies on fruit 

juices processed by PEF report retention of vitamin C, carotenoids, and polyphenols at levels 85–100% of 

fresh values, significantly higher than thermally pasteurized counterparts (Chen et al., 2024). The enhanced 

extraction of bioactive compounds following PEF treatment has led to applications in functional ingredient 

production and value addition. Cold plasma and UV/pulsed light treatments, being primarily surface-active, 

preserve bulk nutrient content effectively. However, high doses or prolonged exposure can cause surface 

oxidation of phytochemicals, lipid oxidation, and color changes due to the action of reactive oxygen species 

and high-energy photons (Chacha et al., 2021). Careful dose optimization is therefore necessary to balance 

microbial inactivation with minimal quality impact. Ultrasound and cavitation technologies present a more 

complex nutritional profile. While controlled ultrasound can enhance extraction of bioactive compounds 

and improve mass transfer in processing operations, uncontrolled or excessive cavitation generates free 

radicals and localized heating that may degrade sensitive nutrients and oxidize lipids (Knorr et al., 2011). 

The net nutritional outcome depends critically on treatment parameters, food composition, and process 

control. 

HPTS, combining pressure and elevated temperature, has demonstrated potential for better nutrient 

retention compared to conventional retorting when parameters are optimized. Studies report reduced 

formation of furan and other heat-dependent contaminants, along with improved retention of select 
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vitamins, wshen pressure-assisted thermal processing is employed with shorter thermal exposure times 

(Akanni et al., 2024). However, outcomes vary by specific compound and food matrix, necessitating case-

by-case evaluation. 

3.3 Matrix Dependencies and Bioaccessibility 

The nutritional impact of processing technologies is strongly influenced by food matrix characteristics, 

including pH, water activity, fat content, fiber structure, and the physical state of nutrients (bound versus 

free forms). For instance, HPP effects on protein denaturation are more pronounced in high-protein matrices 

such as dairy and meat products, while PEF efficacy in enhancing carotenoid extractability depends on the 

integrity of plant cell walls and the lipid environment (Barba et al., 2018). Thermal processing can both 

enhance and reduce nutrient bioaccessibility: softening of plant tissues and protein denaturation may 

improve digestibility and release of bound nutrients, while excessive heating can form indigestible 

complexes and reduce bioavailability (Barba et al., 2018). Comprehensive nutritional assessment therefore 

requires evaluation not only of total nutrient content but also of bioaccessibility and bioavailability through 

in vitro digestion models and, ideally, in vivo studies. 

4. Effects of Processing Technologies on Food Safety 

Food safety assurance through processing focuses primarily on inactivation of pathogenic and spoilage 

microorganisms, reduction of natural toxins, and prevention of chemical and physical hazards. The efficacy 

of processing technologies in achieving safety objectives varies substantially based on target organisms, 

food matrix, and process parameters. 

4.1 Thermal Processing Safety Profile 

Thermal processing remains the most reliable and well-characterized method for achieving comprehensive 

microbial inactivation. Pasteurization effectively reduces vegetative pathogenic bacteria 

(Salmonella, Listeria monocytogenes, Escherichia coli O157:H7, Campylobacter), viruses, parasites, and 

spoilage organisms, extending refrigerated shelf life from days to weeks (Hassoun et al., 2020). The time-

temperature combinations for pasteurization are based on extensive validation studies and regulatory 

standards, with built-in safety margins to account for variability in product composition and heating rates. 

Sterilization and retorting target the most heat-resistant pathogen of concern in low-acid foods, Clostridium 

botulinum, along with thermophilic spore-forming spoilage organisms. The reference process for low-acid 

canned foods (pH > 4.6) is designed to achieve a 12-log reduction (12D) of C. botulinum spores, typically 

requiring heating to 121°C for 3 minutes at the cold spot, with actual processes adjusted for product-specific 
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heat penetration characteristics (Chacha et al., 2021). This level of thermal intensity ensures commercial 

sterility and shelf stability at ambient temperature, but at the cost of substantial quality and nutritional 

impacts as discussed previously. While thermal processing excels at microbial control, it does not eliminate 

all safety concerns. Chemical contaminants formed during heating (furan, acrylamide, AGEs) represent 

emerging safety issues, and thermal processing does not reduce pre-existing chemical contaminants such 

as heavy metals, pesticides, or mycotoxins. Moreover, post-processing contamination remains a critical 

control point requiring attention to packaging integrity and handling practices (Hassoun et al., 2020). 

4.2 Non-Thermal Microbial Inactivation 

Non-thermal technologies demonstrate variable microbial inactivation profiles, with generally high efficacy 

against vegetative cells but limited effectiveness against bacterial spores. HPP at pressures of 400–600 MPa 

achieves 3–6 log reductions of vegetative bacteria, yeasts, and molds in most food matrices, comparable to 

pasteurization for these target organisms (Khouryieh, 2024). HPP also inactivates viruses (including 

norovirus and hepatitis A) and parasites, making it suitable for ready-to-eat products where vegetative 

pathogen control is the primary safety concern. Commercial HPP applications have demonstrated excellent 

safety records, with extended shelf life (30–120 days refrigerated) and no reported outbreaks linked to 

properly processed HPP products (Khouryieh, 2024). However, bacterial spores, including those 

of Bacillus and Clostridium species—exhibit remarkable pressure resistance, with inactivation requiring 

pressures exceeding 600 MPa, elevated temperatures (pressure-assisted thermal processing), or extended 

treatment times that may compromise product quality (Pasdar et al., 2024). This spore resistance limitation 

restricts HPP to products that will be refrigerated or that have additional hurdles (low pH, reduced water 

activity, antimicrobials) to prevent spore germination and outgrowth. 

PEF achieves effective inactivation of vegetative microorganisms in liquid foods, with log reductions of 3–

6 typical for juices, milk, and liquid egg products at field strengths of 20–40 kV/cm and treatment times of 

microseconds to milliseconds (Chen et al., 2024). PEF efficacy depends on electrical conductivity, 

treatment chamber design, and product flow characteristics. Like HPP, PEF is ineffective against bacterial 

spores and is limited to liquid or pumpable products, restricting its application range. Cold plasma, UV, and 

pulsed light technologies provide effective surface decontamination, achieving 1–5 log reductions on 

produce surfaces, packaging materials, and equipment, depending on surface characteristics, microbial 

load, and treatment dose (Chacha et al., 2021). These technologies are valuable for reducing initial 

microbial loads and extending shelf life of fresh and minimally processed products, but cannot be relied 

upon as sole preservation methods for products with significant safety risks. Shadowing effects, surface 

irregularities, and limited penetration depth constrain their effectiveness on complex geometries and 
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internalized contamination. Ultrasound alone typically achieves only 1–3 log reductions, insufficient for 

safety assurance as a standalone treatment. However, ultrasound combined with mild heat 

(thermosonication) or pressure (manosonication) can produce synergistic inactivation effects, reducing the 

thermal intensity required for equivalent microbial reduction (Knorr et al., 2011). 

4.3 Hybrid Approaches for Enhanced Safety 

HPTS represents a significant advancement for achieving commercial sterility with non-thermal technology 

integration. By combining pressures of 600–700 MPa with temperatures of 90–121°C, HPTS can inactivate 

bacterial spores with shorter thermal exposure times than conventional retorting, achieving equivalent or 

superior safety assurance while reducing formation of thermal contaminants (Akanni et al., 2024). HPTS 

has been successfully applied to low-acid foods including soups, sauces, and infant foods producing shelf-

stable products with improved sensory and nutritional profiles. However, HPTS requires sophisticated 

equipment, precise parameter control, and extensive validation, factors that have limited widespread 

commercial adoption to date. Hurdle technology strategies employ multiple sublethal preservation factors 

to achieve cumulative or synergistic microbial inactivation. Examples include combining HPP or PEF with 

reduced thermal treatment, natural antimicrobials (nisin, lysozyme, organic acids), modified atmosphere 

packaging, and refrigeration (Jeevitha et al., 2023). By distributing the preservation burden across multiple 

factors, hurdle approaches can achieve target safety levels with reduced intensity of any single factor, 

thereby minimizing nutritional and sensory impacts. The success of hurdle strategies depends on 

understanding microbial stress responses and resistance mechanisms, and on systematic validation to ensure 

that factor combinations provide adequate safety margins across the range of expected product variability 

and abuse conditions. 

5. The Nutrition-Safety Trade-Off: Analysis and Optimization 

The fundamental trade-off between nutritional quality preservation and food safety assurance arises from 

the differential sensitivity of nutrients, bioactive compounds, and microorganisms to processing stresses. 

This section analyzes the nature of these trade-offs, identifies strategies for optimization, and presents a 

conceptual framework for technology selection. 

5.1 Nature of the Trade-Off 

Thermal processing exemplifies the classic nutrition-safety trade-off: increasing temperature and treatment 

time enhance microbial lethality but accelerate degradation of heat-labile vitamins, proteins, and 

phytochemicals while increasing formation of processing contaminants (Hassoun et al., 2020; Fang et al., 

2022). The relationship between thermal intensity and nutrient retention is generally exponential, with 
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degradation rates doubling for every 10–30°C temperature increase (depending on the specific nutrient and 

matrix), while microbial inactivation follows logarithmic kinetics with D-values (time for 1-log reduction) 

decreasing exponentially with temperature. This divergence in kinetics means that small increases in 

thermal intensity produce large gains in microbial safety but disproportionate losses in nutritional quality. 

For non-thermal technologies, the trade-off manifests differently. HPP, PEF, and other non-thermal methods 

preserve nutrients effectively but face limitations in spore inactivation and, in some cases, penetration depth 

or matrix compatibility (Pasdar et al., 2024; Chen et al., 2024). The trade-off is thus between nutritional 

preservation and the breadth of microbial targets addressed. Products that require only vegetative pathogen 

control (fresh juices, ready-to-eat meats, guacamole) benefit substantially from non-thermal processing, 

while shelf-stable low-acid products requiring spore inactivation remain dependent on thermal or hybrid 

thermal-pressure processes. 

5.2 Strategies for Optimization 

Several strategies have emerged to optimize the nutrition-safety balance: 

5.2.1 Parameter Optimization 

Fine-tuning processing parameters, temperature, time, pressure, field strength, dose, can identify conditions 

that maximize microbial inactivation while minimizing nutrient degradation. For thermal processing, this 

involves identifying the minimum time-temperature combinations that achieve target lethality, considering 

product-specific heat transfer characteristics. For HPP, moderate pressures (400–450 MPa) often provide 

an optimal balance between vegetative pathogen inactivation and minimal protein denaturation (Chen et 

al., 2024). Systematic response surface methodology and kinetic modeling are valuable tools for parameter 

optimization. 

5.2.2 Hurdle and Combined Treatments 

Integrating multiple preservation factors allows reduction of individual factor intensity while maintaining 

or enhancing overall efficacy. Combining HPP or PEF with mild thermal treatment (50–70°C), natural 

antimicrobials, or pH adjustment can achieve safety targets with reduced nutritional impact compared to 

thermal processing alone (Dey et al., 2022; Jeevitha et al., 2023). The challenge lies in systematic validation 

of factor interactions and ensuring that synergistic or additive effects are robust across product variability. 

5.2.3 Technology-Matrix Matching 

Selecting processing technologies based on food matrix characteristics, target microorganisms, and desired 

shelf life is critical. Liquid products benefit from PEF; solid or semi-solid products with vegetative 
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pathogen concerns are well-suited to HPP; surface decontamination applications favor cold plasma or UV; 

and shelf-stable low-acid products requiring spore inactivation necessitate thermal sterilization or HPTS 

(Chacha et al., 2021; Akanni et al., 2024). Mismatches between technology and product requirements lead 

to either inadequate safety or unnecessary quality compromise. 

5.2.4 Process Sequencing 

The sequence of processing steps can influence outcomes. For example, mild thermal blanching prior to 

HPP can inactivate pressure-resistant enzymes (e.g., pectin methylesterase) without excessive nutrient loss, 

while HPP provides the primary microbial reduction. Similarly, PEF pretreatment can enhance subsequent 

extraction or drying efficiency, reducing overall processing intensity (Barba et al., 2018). 

5.3 Conceptual Framework for Technology Selection 

Table 1 presents a comparative framework summarizing the typical nutritional retention, microbial targets 

achieved, and main limitations of major processing technologies, synthesizing evidence from the reviewed 

literature. 

Table 1. Comparative Framework of Processing Technologies: Nutrition, Safety, and Limitations 

Technology Typical Nutrient 

Retention 

Microbial Targets 

Achieved 

Main Limitations 

Conventional 

Pasteurization/Retort 

Moderate to low for 

heat-labile vitamins 

(50–90% retention); 

substantial losses for 

severe regimes 

(Hassoun et al., 2020; 

Chacha et al., 2021) 

Reliable vegetative 

pathogen inactivation 

(pasteurization); spore 

inactivation and 

commercial sterility 

(sterilization/retort) 

(Chacha et al., 2021) 

High thermal 

degradation of 

nutrients; formation 

of processing 

contaminants (furan, 

acrylamide) at severe 

regimes (Fang et al., 

2022) 

High-Pressure 

Processing (HPP) 

High retention of 

vitamins and 

antioxidants (85–

Effective against 

vegetative bacteria, 

yeasts, molds, viruses, 

High equipment cost; 

packaging 

constraints (flexible 
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100%); proteins 

largely preserved at 

moderate pressures 

(400–450 MPa) 

(Pasdar et al., 2024; 

Morshedi et al., 2014) 

parasites (3–6 log 

reductions); spores 

require HPTS or 

combined treatments 

(Khouryieh, 2024) 

pouches required); 

limited effectiveness 

against spores; 

pressure-induced 

protein changes at 

high pressures 

(Pasdar et al., 2024) 

Pulsed Electric 

Fields (PEF) 

High retention in 

liquid foods (85–

100% vitamins and 

antioxidants); can 

increase 

bioaccessibility of 

phytochemicals (Chen 

et al., 2024) 

Effective vegetative 

pathogen inactivation in 

liquids (3–6 log 

reductions); ineffective 

against spores (Chen et 

al., 2024) 

Limited to 

electrically 

conductive liquids; 

scale-up challenges 

for heterogeneous 

matrices; no spore 

inactivation (Chen et 

al., 2024) 

Cold Plasma / UV / 

Pulsed Light 

Preserves bulk 

nutrients (>95%); 

surface treatments 

with minimal bulk 

impact (Chacha et al., 

2021) 

Good for surface 

pathogens (1–5 log 

reductions); limited 

penetration depth 

(Chacha et al., 2021) 

Shadowing effects on 

irregular surfaces; 

limited penetration; 

potential surface 

oxidation at high 

doses; dose 

uniformity 

challenges (Chacha 

et al., 2021) 

Ultrasound / 

Cavitation 

Variable; can enhance 

bioactive extraction; 

potential localized 

degradation if 

Partial microbial 

reduction (1–3 log); best 

as adjunct or in 

combination 

Free radical 

formation; localized 

heating; scale-up and 

control challenges; 
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uncontrolled (Knorr et 

al., 2011) 

(thermosonication) 

(Knorr et al., 2011) 

insufficient as 

standalone 

preservation (Knorr 

et al., 2011) 

High-Pressure 

Thermal 

Sterilization (HPTS) 

Better retention than 

conventional retort for 

heat-labile vitamins 

(70–90%); reduced 

formation of some 

contaminants (furan) 

with optimized 

parameters (Akanni et 

al., 2024) 

Commercial sterility 

including spore 

inactivation (>12-log C. 

botulinum) with shorter 

thermal exposure than 

retort (Akanni et al., 

2024) 

Requires 

sophisticated 

equipment; precise 

parameter control 

and extensive 

validation; higher 

capital cost than 

conventional retort 

(Akanni et al., 2024) 

This framework illustrates that no single technology optimally addresses all nutrition and safety 

requirements across all food types. Instead, technology selection must be guided by product-specific 

priorities, regulatory requirements, and economic constraints, with hybrid and hurdle approaches offering 

the most flexible pathways to balanced outcomes. 

6. Emerging Technologies and Future Directions 

The ongoing evolution of food processing technologies aims to further refine the nutrition-safety balance 

through novel mechanisms, improved process control, and integration of multiple preservation factors. This 

section highlights emerging technologies and research priorities that promise enhanced outcomes. 

6.1 Promising Emerging Technologies 

High-Pressure Thermal Sterilization (HPTS) has advanced from laboratory concept to commercial reality, 

with several installations now operating globally for production of shelf-stable infant foods, soups, and 

sauces. Continued research on parameter optimization, spore inactivation kinetics, and contaminant 

formation under pressure-temperature combinations will expand the application range and refine processing 

protocols (Akanni et al., 2024). HPTS represents a particularly promising pathway for low-acid shelf-stable 

products where conventional retorting currently dominates. Integrated Hurdle Systems combining non-
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thermal technologies with natural antimicrobials, biopreservatives, and active packaging are gaining 

traction. For example, HPP combined with nisin or lysozyme, PEF with organic acids, or cold plasma with 

modified atmosphere packaging can achieve enhanced safety with minimal processing intensity (Dey et al., 

2022; Jeevitha et al., 2023). The challenge lies in systematic validation of these complex systems and in 

developing predictive models that account for hurdle interactions and product variability. Cavitation-Based 

Technologies, including hydrodynamic cavitation and ultrasound, are being explored for enhanced 

extraction of bioactive compounds, improved mass transfer in processing operations, and microbial 

inactivation when combined with mild heat or pressure (Knorr et al., 2011). Controlled cavitation can 

reduce overall processing intensity by improving efficiency of subsequent operations, though scale-up and 

energy efficiency remain technical challenges. 

Precision Thermal Processing using microwave, radiofrequency, or ohmic heating offers volumetric heating 

with potential for reduced processing times and improved temperature uniformity compared to conduction-

based heating. When coupled with advanced process control and real-time monitoring, these methods can 

minimize overprocessing while ensuring safety (Hassoun et al., 2020). Superheated steam processing, 

which operates in an oxygen-limited environment with rapid heat transfer, shows promise for reducing 

oxidation and preserving quality relative to conventional air-based heating (Fang et al., 2022). Pulsed 

Technologies beyond PEF, including pulsed light, pulsed magnetic fields, and pulsed X-rays, are being 

investigated for specialized applications. While commercial adoption remains limited, these technologies 

may find niches in surface decontamination, package sterilization, and treatment of specific high-value 

products where conventional methods are unsuitable (Chacha et al., 2021). 

6.2 Research Priorities and Recommendations 

Despite substantial progress, significant knowledge gaps and practical barriers impede optimal 

implementation of balanced processing strategies. Key research priorities include: 

6.2.1 Standardization of Comparative Metrics 

The literature reveals substantial heterogeneity in processing parameter reporting, nutrient analysis 

methods, and microbial inactivation assessment protocols, complicating cross-study comparisons and 

evidence synthesis (Chacha et al., 2021; Pasdar et al., 2024). Development and adoption of standardized 

protocols for reporting processing conditions (temperature profiles, pressure-time histories, energy inputs), 

nutrient retention metrics (specific compounds analyzed, analytical methods, retention calculations), and 

microbial inactivation outcomes (target organisms, enumeration methods, log reductions) would greatly 

enhance the utility of published research for technology selection and optimization. 
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6.2.2 Matrix-Specific Validation 

Processing outcomes are strongly influenced by food matrix characteristics including pH, water activity, 

fat content, protein concentration, fiber structure, and the physical state of nutrients and microorganisms 

(Barba et al., 2018). Systematic studies linking processing parameters to outcomes across well-

characterized food matrices would enable development of predictive models and reduce the need for 

exhaustive empirical testing of each new product formulation. Particular emphasis should be placed on 

understanding interactions between processing conditions and nutrient bioaccessibility, as total nutrient 

content alone may not reflect nutritional value (Barba et al., 2018). 

6.2.3 Mechanistic Understanding of Hurdle Interactions 

While hurdle technology principles are well established conceptually, quantitative understanding of factor 

interactions, synergistic, additive, or antagonistic, remains limited for many technology combinations (Dey 

et al., 2022). Mechanistic studies elucidating how sequential or simultaneous application of multiple 

stresses affects microbial inactivation kinetics, nutrient degradation pathways, and formation of processing 

contaminants would support rational design of optimized hurdle systems. 

6.2.4 Scale-Up and Process Economics 

Many non-thermal technologies demonstrate excellent performance at laboratory or pilot scale but face 

significant barriers to commercial scale-up, including equipment costs, throughput limitations, energy 

efficiency, and operational complexity (Chacha et al., 2021; Khouryieh, 2024). Techno-economic analyses 

comparing life-cycle costs, energy consumption, and environmental impacts of alternative processing 

technologies across diverse product categories would inform investment decisions and guide technology 

development priorities. Particular attention should be paid to feasibility in resource-limited settings where 

infrastructure, technical expertise, and capital availability may constrain technology adoption 

(Selvamuthukumaran, 2022). 

6.2.5 Regulatory Advancement and Harmonization 

Regulatory frameworks for novel processing technologies vary substantially across jurisdictions, creating 

barriers to international trade and technology diffusion (Barbosa-Cánovas & Bermúdez-Aguirre, 2010). 

Development of science-based regulatory guidelines for novel methods, including validated sterilization 

regimes for HPTS, safety assessment protocols for combined treatments, and surveillance systems for novel 

processing contaminants, would facilitate adoption while ensuring safety. International harmonization of 

regulatory standards through Codex Alimentarius and regional trade agreements would reduce duplication 

of validation efforts and accelerate technology transfer. 
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6.2.6 Consumer Acceptance and Communication 

Consumer perceptions of novel processing technologies, particularly those perceived as "unnatural" or 

"highly technical," can significantly influence market acceptance and willingness to pay (Barbosa-Cánovas 

& Bermúdez-Aguirre, 2010). Research on consumer attitudes, effective communication strategies 

emphasizing nutritional and safety benefits, and transparent labeling practices would support market 

development for products processed by emerging technologies. 

6.3 Conceptual Framework: The Nutrition-Safety Optimization Continuum 

Figure 1 presents a conceptual framework illustrating the nutrition-safety optimization continuum across 

processing technologies. The framework positions technologies along axes representing nutritional 

retention (vertical) and safety assurance (horizontal), with technology selection guided by product 

requirements, regulatory standards, and market positioning. 

Figure 1. Conceptual Framework: Nutrition-Safety Optimization Continuum in Food Processing 

Technologies 
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Figure 1 Explanation: This conceptual framework maps major food processing technologies along two 

critical dimensions: nutritional retention (vertical axis) and safety assurance (horizontal axis). Fresh and 

minimally processed foods occupy the upper-left quadrant with high nutritional quality but limited safety 

assurance against vegetative pathogens and no spore control. Non-thermal technologies (HPP, PEF, cold 

plasma, UV) achieve high nutritional retention with effective vegetative pathogen control but limited spore 

inactivation, positioning them in the upper-center region. Mild thermal processing (pasteurization) provides 

moderate nutritional retention with reliable vegetative pathogen control. Hurdle and combined technologies 

(HPP with mild heat, PEF with antimicrobials) occupy the central region, balancing nutrition and safety 

through synergistic preservation factors. High-pressure thermal sterilization (HPTS) represents an advanced 

hybrid approach achieving commercial sterility with better nutritional retention than conventional intensive 

thermal processing. Conventional intensive thermal methods (retort, UHT) occupy the lower-right 

quadrant, delivering maximum safety assurance including spore inactivation but with substantial nutritional 

compromise. The optimal technology selection depends on product-specific requirements: products 

requiring only refrigerated shelf life and vegetative pathogen control (e.g., fresh juices, ready-to-eat meats) 

benefit from non-thermal or mild thermal processing, while shelf-stable low-acid products requiring spore 

inactivation necessitate thermal sterilization or HPTS. The framework illustrates that hybrid and hurdle 

approaches offer the most flexible pathways to optimize both nutrition and safety outcomes across diverse 

food applications. 

7. Conclusion 

The nutrition-safety trade-off represents a fundamental challenge in food processing technology, arising 

from the differential sensitivity of nutrients, bioactive compounds, and microorganisms to processing 

stresses. This conceptual review has synthesized evidence from 19 authoritative studies through 2024, 

systematically analyzing how thermal and non-thermal processing technologies impact nutritional quality 

and food safety outcomes, and identifying strategies to optimize this critical balance. Conventional thermal 

processing, pasteurization, sterilization, and retorting, remains the gold standard for comprehensive 

microbial safety assurance, reliably inactivating vegetative pathogens and bacterial spores to achieve 

extended shelf life and commercial sterility. However, these benefits come at substantial nutritional cost, 

with heat-labile vitamins, proteins, and bioactive compounds suffering significant degradation, and 

formation of processing contaminants representing additional safety concerns. Non-thermal technologies 

including HPP, PEF, cold plasma, UV, and ultrasound offer compelling advantages in nutritional 

preservation, maintaining vitamins, antioxidants, and sensory qualities at levels far superior to thermal 
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equivalents. However, these technologies face critical limitations in spore inactivation, penetration depth, 

matrix compatibility, and scale-up feasibility that restrict their application range. 

The evidence reviewed demonstrates that optimal processing technology selection cannot follow a one-

size-fits-all approach. Instead, technology choice must be tailored to specific product characteristics (pH, 

water activity, matrix structure), target microorganisms (vegetative pathogens versus spores), desired shelf 

life (refrigerated versus ambient), and market positioning (fresh-like premium versus shelf-stable 

commodity). For products requiring only vegetative pathogen control, including fruit juices, ready-to-eat 

meats, and fresh-cut produce, non-thermal technologies offer superior nutrition-safety balance. For shelf-

stable low-acid products requiring spore inactivation, thermal sterilization or advanced hybrid approaches 

such as HPTS represent necessary compromises, with parameter optimization and hurdle integration 

offering pathways to minimize nutritional impact while ensuring safety. 

Emerging hybrid and hurdle technologies represent the most promising frontier for reconciling nutrition 

and safety imperatives. HPTS combines pressure and elevated temperature to achieve commercial sterility 

with reduced thermal exposure, demonstrating better vitamin retention and lower contaminant formation 

than conventional retorting when properly optimized. Hurdle systems integrating non-thermal technologies 

with mild heat, natural antimicrobials, modified atmosphere, and refrigeration distribute preservation 

burden across multiple factors, achieving target safety levels with minimized individual factor intensity. 

These approaches require systematic validation and mechanistic understanding of factor interactions, but 

offer flexible, product-specific solutions to the nutrition-safety optimization challenge. Critical research 

priorities for advancing balanced processing technologies include: (1) standardization of comparative 

metrics for processing parameters, nutrient retention, and microbial inactivation to enable robust cross-

study synthesis; (2) matrix-specific validation studies linking processing conditions to nutritional, safety, 

and quality outcomes across well-characterized food systems; (3) mechanistic investigation of hurdle 

technology interactions to support rational system design; (4) techno-economic analyses of scale-up 

feasibility, energy efficiency, and life-cycle impacts; (5) regulatory advancement and international 

harmonization of standards for novel processing methods; and (6) consumer research on acceptance and 

communication strategies for emerging technologies. 

The conceptual framework presented in this review positions processing technologies along a nutrition-

safety optimization continuum, illustrating that technology selection represents a strategic decision guided 

by product requirements, regulatory constraints, and market opportunities rather than a purely technical 

optimization. As consumer demand for nutritious, safe, minimally processed, and clean-label foods 

continues to grow, the food industry faces increasing pressure to adopt processing technologies that deliver 
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on all these dimensions simultaneously. Hybrid and hurdle approaches, informed by systematic research 

and supported by enabling regulatory frameworks, offer the most viable pathway forward for producing 

foods that are simultaneously nutrient-dense, microbiologically safe, sensorially appealing, and 

economically accessible. The ongoing evolution of food processing technologies, driven by mechanistic 

understanding, precision process control, and integration of multiple preservation factors, promises 

continued progress toward this multifaceted goal, with significant implications for public health, food 

security, and sustainability of global food systems. 
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