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ABSTRACT :

Food processing techniques play a crucial role in ensuring food safety and extending shelf life, yet
their impact on nutritional quality remains a critical concern for both industry practitioners and
consumers. This comprehensive review investigated the effects of various processing methods on
nutrient retention and bioavailability across different food matrices, analyzing data from 127 eligible
studies published between 2000 and 2024.

The research compared conventional thermal processing with emerging technologies, including high-
pressure processing (300-600 MPa), pulsed electric fields (15-40 kV/cm), and ultrasound treatment
(20-100 kHz). Results demonstrated that non-thermal technologies generally achieved superior
nutrient retention compared to conventional thermal methods, with vitamin C retention rates reaching
89.2+4.5% under high-pressure processing versus 68.5+7.2% with thermal treatment. Notably, pulsed
electric field processing showed exceptional preservation of heat-sensitive nutrients, maintaining up
to 92.44+3.8% of vitamin C content.

Mineral bioavailability showed significant improvements under specific processing conditions, with
fermentation emerging as the most effective technique for enhancing iron bioavailability (Relative
Bioavailability Index: 1.45+0.14). Protein quality, measured by PDCAAS values, improved across all
processing methods, with high-pressure processing showing particular effectiveness in legume
proteins (0.88+0.04 compared to 0.75+0.05 in raw samples).

The study established clear correlations between processing parameters and nutrient retention,
providing valuable guidelines for optimizing processing conditions. These findings suggest that careful
selection and optimization of processing techniques can simultaneously achieve food safety objectives
while maximizing nutritional quality. The research highlights the potential of combined processing
approaches and identifies areas requiring further investigation, particularly in understanding nutrient
interactions during processing and long-term stability of enhanced bioavailable nutrients.
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INTRODUCTION:

Food processing plays a vital role in modern food systems, serving multiple purposes from
preservation to enhanced palatability. However, these processing methods can significantly influence
the nutritional quality of foods, affecting both nutrient retention and bioavailability [1]. The growing
global concern for nutritional security, coupled with increasing reliance on processed foods, has
sparked renewed interest in understanding how different processing techniques impact the nutritional
value of food products [2, 3].

Traditional and modern food processing techniques, ranging from basic thermal treatments to advanced
technologies like high-pressure processing, can alter food matrices in complex ways. These alterations
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can lead to both beneficial and detrimental effects on nutrient profiles [4]. For instance, while some
thermal treatments may reduce heat-sensitive vitamins, they can simultaneously enhance the
bioavailability of certain compounds, such as lycopene in tomatoes [5]. Understanding these nuanced
effects is crucial for optimizing food processing parameters to maintain or enhance nutritional quality.
The bioavailability of nutrients, which refers to the proportion of nutrients that can be absorbed and
utilized by the body, is particularly affected by processing methods [6]. Processing can modify food
structure, create or break down antinutritional factors, and alter the chemical forms of nutrients,
thereby influencing their accessibility and absorption in the human digestive system [7]. Recent
research has highlighted that the relationship between processing and nutrient bioavailability is more
complex than previously thought, with multiple factors interacting simultaneously [8].

Despite extensive research in this field, there remains a significant gap in our comprehensive
understanding of how different processing parameters specifically affect both nutrient retention and
bioavailability across various food matrices [9]. While isolated effects of certain processing techniques
on specific nutrients have been well-documented, the holistic impact on overall nutritional quality and
the mechanisms governing these changes are still not fully elucidated [10].

This review aims to critically analyze the current state of knowledge regarding the effects of various
processing techniques on nutrient retention and bioavailability in foods. Special attention will be given
to emerging processing technologies and their comparative impact against conventional methods, with
a focus on practical implications for food product development and public health recommendations.

MATERIALS AND METHODS:
Literature Search Strategy:
A comprehensive literature search was conducted using multiple scientific databases including Web of
Science, Scopus, PubMed, and ScienceDirect spanning the period from 2000 to 2024 [11]. The search
utilized combinations of key terms including "food processing," "nutrient retention," "bioavailability,"
"processing techniques,”" and "nutritional quality." Additional relevant articles were identified through
cross-referencing of cited publications. The initial search yielded 2,547 articles, which were
subsequently filtered based on predefined inclusion and exclusion criteria [12].
Selection Criteria:
Studies were included based on the following criteria: (a) peer-reviewed articles published in English;
(b) original research papers or comprehensive review articles; (c) studies focusing on specific
processing techniques and their effects on nutrients; and (d) research containing quantitative data on
nutrient retention or bioavailability [13]. Studies were excluded if they: (a) focused solely on sensory
properties; (b) lacked proper controls; or (¢) did not provide sufficient methodological details [14].
Processing Techniques Analysis:
The selected studies were categorized based on processing techniques:
Thermal Processing Temperature ranges of 60-121°C were considered, including conventional
heating, blanching, pasteurization, and sterilization. Processing time and temperature combinations
were documented following standardized protocols [15]. The impact on heat-sensitive nutrients was
evaluated using validated analytical methods [16].
Non-thermal Processing Modern technologies such as high-pressure processing (300-600 MPa),
pulsed electric fields (15-40 kV/cm), and ultrasound treatment (20-100 kHz) were analyzed. Operating
parameters and equipment specifications were recorded according to industry standards [17].
Nutrient Analysis Methods:
Nutrient Retention Studies Quantitative analysis of nutrients before and after processing was
conducted using standardized methods:

e Vitamins: High-performance liquid chromatography (HPLC) following AOAC methods [18]

e Minerals: Atomic absorption spectroscopy (AAS) and inductively coupled plasma mass

spectrometry (ICP-MS) [19]
e Proteins: Kjeldahl method and amino acid profiling [20]
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e Bioactive compounds: Spectrophotometric and chromatographic techniques [21]
Bioavailability Assessment Multiple approaches were employed to evaluate nutrient bioavailability:

e In vitro digestion models simulating gastrointestinal conditions [22]

e Cell culture studies using Caco-2 cell lines for absorption studies [23]

o Human intervention studies when available, following established protocols [24]

Data Extraction and Analysis:
Data extraction was performed independently by two researchers using a standardized form.

The following parameters were recorded:

e Processing conditions (time, temperature, pressure, etc.)

o Initial and final nutrient concentrations

o Bioavailability indicators

o Statistical analysis methods

e Quality control measures [25]

Quality Assessment:
The quality of included studies was evaluated using the following criteria:
e Methodological rigor
Sample size and statistical power
Control measures
Reproducibility of methods
e Proper reporting of results [26]
Statistical Analysis:

Meta-analysis was performed using R software (version 4.1.2) when sufficient comparable data
were available. Effect sizes were calculated using standardized mean differences, and heterogeneity
was assessed using the I? statistic [27]. Subgroup analyses were conducted based on processing
techniques and food matrices [28].

Systematic Review Process:
The review process followed the PRISMA guidelines [29]. Data synthesis focused on:
e Quantitative changes in nutrient content
e Modifications in bioavailability
e Processing parameter optimization
e Matrix effects on nutrient stability [30]

RESULTS:
Overview of Included Studies:
The systematic review identified 127 eligible studies from the initial pool of 2,547 articles. Table 1
presents the distribution of studies across different processing techniques and food categories.
Table 1. Distribution of Studies by Processing Technique and Food Category

Processing Fruits & | Cereals & | Dairy Meat & | Legumes | Total
Technique Vegetables Grains Products Seafood

Thermal 28 15 12 14 8 77
High Pressure 12 6 8 9 4 39
PEF* 8 3 5 2 2 20
Ultrasound 6 4 3 3 2 18
Others 5 3 2 2 1 13
Total 59 31 30 30 17 167+

*PEF: Pulsed Electric Fields **Some studies examined multiple categories
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Fig 1: Distribution of processing techniques
across food categories

NUTRIENT RETENTION ACROSS PROCESSING TECHNIQUES:

Vitamin Retention:

Table 2 presents the mean retention rates (%) of key vitamins across different processing techniques.
Table 2. Mean Vitamin Retention (%) Across Processing Techniques

Processing Vitamin C | Vitamin Bl | Vitamin B6 | Vitamin A | Vitamin E
Technique (£SD) (£SD) (£SD) (£SD) (£SD)
Conventional 68.5+7.2 75.3+6.8 82.4+5.9 79.2+8.1 85.44+6.3
Thermal
High Pressure 89.244 .5 92.1£3.9 94 3+3.2 88.7£5.4 91.2+4 8
PEF 92.4+3.8 90.5+4 .2 93 .8+£3.5 91.544.2 93.7+£3.9
Ultrasound 87.6£5.1 88.9+4.7 91.2+4.1 89.4+4.8 90.8+4.5
Vitamin C
Vitamin E Vitamin B1
Vitamin A Vitamin B6

M Conventional Thermal m High Pressure m PEF M Ultrasound

Fig 2: Radar chart comparing vitamin retention across processing techniques

MINERAL BIOAVAILABILITY
Analysis of mineral bioavailability showed significant variations across processing techniques. Table

3 summarizes the relative bioavailability index (RBI) for key minerals.

Table 3. Relative Bioavailability Index (RBI) of Minerals Post-Processing

Processing Technique | Iron (zSD) | Zinc (£SD) | Calcium (£SD) | Magnesium (£SD)
Raw (reference) 1.00£0.00 | 1.00£0.00 | 1.00+0.00 1.00+£0.00
Thermal Processing 1.24+0.15 | 1.18+0.12 | 0.92+0.08 0.95+0.09
High Pressure 1.3240.12 | 1.25+£0.11 | 1.1540.10 1.12+0.08
Fermentation 1.45+0.14 | 1.38+£0.13 | 1.28+0.11 1.22+0.10

RBI: Values >1 indicate improved bioavailability
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PROCESSING EFFECTS ON PROTEIN QUALITY:
Table 4 presents the protein digestibility-corrected amino acid score (PDCAAS) across different
processing methods.

Table 4. PDCAAS Values for Different Processing Methods

Food Category | Raw (£SD) | Thermal (SD) | High Pressure (£SD) | PEF (£SD)
Legumes 0.75+0.05 | 0.82+0.06 0.88+0.04 0.85+0.05
Cereals 0.45+0.04 | 0.52+0.05 0.58+0.04 0.55+0.04
Dairy 1.00+£0.02 | 0.98+0.03 1.00+0.02 1.00+0.02

BIOACTIVE COMPOUNDS RETENTION:
The retention of key bioactive compounds varied significantly across processing techniques and food
matrices. Table 5 shows the retention percentages for selected compounds.

Table 5. Retention of Bioactive Compounds (%)

Compound Thermal (£SD) | High Pressure (£SD) | PEF (£SD) | Ultrasound (£SD)
Anthocyanins | 65.4+8.2 88.5+5.4 91.2+4.8 85.7+6.3
Carotenoids 82.3+6.7 90.4+4.9 89.845.1 87.6+5.8
Polyphenols 71.247.5 89.745.2 92.4+4.5 88.9+5.4
Glucosinolates | 58.7+9.1 85.6+6.1 88.9+5.3 83.4+6.7

Fig 3: Retention trends of bioactive compounds across processing techniques
3.5 Processing Time-Temperature Effects

Temperature Time Vitamin C | Protein Phenolic
Range (°C) (min) Retention (%) Denaturation (%) Retention (%)
60-70 5-10 92.5+3.2 5.2+1.8 94.3+2.8
71-80 4-8 87.3+4.1 12.4+2.4 89.743.5
81-90 3-6 82.1+4.8 18.743.1 85.2+4.2
91-100 2-4 75.445.3 25.34£3.8 79.844.9
100 1-2 68.246.1 32.1+4.2 72.5+5.6
DISCUSSION:

Impact of Processing Techniques on Vitamin Retention:

Our findings demonstrate that non-thermal processing techniques generally result in superior vitamin
retention compared to conventional thermal methods. The retention rates for vitamin C under high-
pressure processing (89.244.5%) align with findings by Martinez et al. [31], who reported 87-92%
retention in vegetable matrices. This improvement over thermal processing (68.5+£7.2%) can be
attributed to the absence of thermal degradation mechanisms, as previously explained by Heinz and
Buckow [32].

The exceptional performance of PEF technology in preserving heat-sensitive vitamins (92.4+3.8% for
vitamin C) extends beyond previous findings. While Zhang et al. [33] reported retention rates of 88-
90%, our analysis suggests that optimized PEF parameters can achieve even better results. This
improvement likely stems from the shorter processing times and more precise control of treatment
parameters now available with modern PEF systems.
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Mineral Bioavailability Enhancement:
The observed increases in mineral bioavailability, particularly for iron and zinc, represent a significant
advancement in our understanding of processing effects. The enhanced relative bioavailability index
(RBI) for iron under high-pressure processing (1.32+0.12) supports the mechanism proposed by
Johnson and Williams [34], suggesting that pressure-induced protein denaturation may reduce mineral-
binding factors. This finding has particular relevance for addressing mineral deficiencies in plant-based
diets.
Fermentation emerged as the most effective technique for improving mineral bioavailability, with an
RBI of 1.45%0.14 for iron. This aligns with longitudinal studies by Chen et al. [35], who demonstrated
that traditional fermentation processes could significantly reduce phytic acid levels, thereby enhancing
mineral accessibility. Our results extend these findings by quantifying the comparative advantage of
fermentation over other processing methods.
Protein Quality Modifications:
The improvement in protein digestibility across processing techniques, as measured by PDCAAS
values, reveals interesting patterns. The enhancement in legume protein quality (from 0.75+0.05 to
0.88+0.04 with high-pressure processing) exceeds the improvements reported in earlier studies. Kumar
and Singh [36] previously documented increases to only 0.82+0.03, suggesting that modern processing
technologies may be more effective at reducing antinutritional factors.
Bioactive Compound Preservation:
Our analysis of bioactive compound retention presents a more nuanced picture than previously
reported. The superior retention of anthocyanins under PEF processing (91.2+4.8%) compared to
thermal treatment (65.4+8.2%) reinforces findings by Rodriguez-Saona et al. [37]. However, our
results also highlight the importance of matrix effects, with different food structures showing varying
levels of protection for bioactive compounds.
Processing Parameter Optimization:
The relationship between processing parameters and nutrient retention demonstrates clear trends that
can inform optimization strategies. The inverse relationship between temperature and vitamin C
retention follows a more precise curve than previously documented by Thompson et al. [38], allowing
for more accurate prediction of nutrient losses during thermal processing.
Practical Implications and Future Directions:
These findings have significant implications for food processing industry practices. The clear
advantages of non-thermal technologies must be weighed against practical considerations such as
equipment costs and processing scale, as noted by Davidson et al. [39]. Future research should focus
on:

1. Optimization of combined processing techniques to maximize both nutrient retention and

bioavailability

2. Development of predictive models for nutrient retention under various processing conditions

3. Investigation of emerging technologies such as cold plasma and ultrasound-assisted extraction
Limitations and Research Gaps:
While our analysis provides comprehensive insights, several limitations should be acknowledged. The
variability in analytical methods across studies, particularly for bioavailability assessment, may
introduce some uncertainty in the comparisons. Additionally, as highlighted by Morris and Parker [40],
the interaction between different nutrients during processing requires further investigation.

CONCLUSION:

This systematic review of food processing techniques reveals significant findings for optimizing
nutritional quality in processed foods. Non-thermal methods, particularly high-pressure processing and
pulsed electric fields, demonstrate superior nutrient retention compared to conventional thermal
processing, while maintaining food safety standards.
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Key findings show vitamin retention rates reaching 89.2+4.5% under high-pressure processing versus
68.5+7.2% with thermal treatment. Mineral bioavailability improved significantly, with fermentation
showing the highest iron bioavailability (RBI: 1.4540.14). Protein quality improved across all
processing methods, particularly in legumes under high-pressure processing (PDCAAS: 0.88+0.04).
The research establishes clear correlations between processing parameters and nutrient retention,
providing evidence-based guidelines for optimizing processing conditions. Combined processing
approaches show promise for maximizing both nutrient retention and bioavailability.

These findings support a shift toward sophisticated processing approaches that better preserve and
enhance nutritional quality, ultimately contributing to improved public health outcomes through
optimized food processing methods.
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