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ABSTRACT

ntimicrobial peptides (AMPs) are gaining recognition as biological

preservatives due to their effectiveness against foodborne pathogens and

spoilage microorganisms. While widely studied in dairy products, their

application in non-dairy food systems remains underexplored. AMPs

present advantages over chemical preservatives, such as reduced
chemical buildup and targeted microbial action, making them safer and more
environmentally friendly for food preservation. This review evaluates the potential
of AMPs in non-dairy matrices, including soy milk, plant-based beverages (e.g.,
zobo), fruits (e.g., pears, mangoes) and vegetables. The mechanisms of action,
effectiveness and adaptability of AMPs in fermented and minimally processed foods
are examined. Recent advancements in AMP research, such as encapsulation with
biocompatible materials (e.g., alginate microparticles) and genetic engineering,
have improved their stability, thermostability and resistance to extreme pH
conditions, thereby enhancing their applicability in food systems. Despite these
advancements, challenges remain, including costly and complex AMP production
methods that hinder scalability and the need for comprehensive toxicity evaluations
to ensure consumer safety. Biosynthesis and recombinant techniques, though
effective, require optimisation for large-scale use. This review synthesises findings
from interdisciplinary studies, highlighting AMPs’ potential to extend shelf life,
enhance food safety and support sustainable preservation practices. Special
attention is given to their relevance in the Nigerian and global food industries.
Practical applications and strategies to address current challenges—such as
scalability, stability and regulatory compliance—are proposed, paving the way for
AMPs to revolutionise non-dairy food preservation. This work aligns with the
growing demand for natural, effective and eco-friendly alternatives to conventional
preservatives, providing a framework for their widespread adoption in the food
industry.
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INTRODUCTION

Recently, a rising global demand for safer, healthier and more sustainable food
preservation methods has been driven by shifting consumer preferences for natural
ingredients, stricter regulatory standards and growing environmental concerns over
chemical preservatives. Traditional methods—such as chemical preservatives,
refrigeration and pasteurisation—are facing growing scrutiny due to their potential
negative impacts, including toxicity risks, depletion of natural resources and
degradation of food quality and nutritional value (Obahiagbon and Ogwu, 2024).
The rise of plant-based diets, alongside the growing market for non-dairy
alternatives, has further fuelled the need for innovative solutions to ensure food
safety and prolong shelf life without compromising nutritional value or sensory
properties (Sabaté and Soret, 2014). Within this context, antimicrobial peptides
(AMPs), which are short chains of amino acids with antimicrobial properties, have
emerged as promising natural biological preservatives, offering an alternative to
synthetic preservatives (Sharma et al., 2024).

AMPs are naturally occurring substances with wide-ranging antimicrobial
properties, effective against various pathogens such as Escherichia coli,
Staphylococcus aureus, Candida albicans and enveloped viruses like influenza.
These peptides, found in many organisms such as bacteria, fungi, plants and
animals, have gained attention in food science for their potential to protect food
products from microbial spoilage and contamination (Erdem Biiytkkiraz and
Mesmen, 2022). Although much of the research on AMPs has focused on their
application in dairy products, the application of AMPs in non-dairy matrices remains
largely unexplored. Early studies on AMPs in food preservation focused on dairy
products, where their ability to inhibit microbial growth and enhance shelf life was
recognised (Singh et al., 2023; Liu et al., 2021). Non-dairy products—including plant-
based beverages, fermented foods and minimally processed products—are highly
susceptible to microbial contamination by organisms such as Salmonella,
Escherichia coli, Lactobacillus, Saccharomyces cerevisiae, Penicillium species and
Campylobacter jejuni, which can compromise product safety, quality and shelf life,
making biological preservation a crucial area of development (Mishra et al., 2024).

AMPs possess antimicrobial properties primarily through mechanisms such as
membrane disruption, enzyme inhibition and interference with cellular processes in
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microbes (Luo and Song, 2021; Moravej et al., 2018; Guilhelmelli et al., 2013). These
properties make AMPs an attractive alternative to chemical preservatives—such as
sodium benzoate, potassium sorbate and sulphites—which are increasingly being
rejected due to concerns about health risks and consumer preferences for natural
ingredients (Harshitha et al., 2024; Novais et al., 2022).

Recent advancements in biotechnology, including innovations in peptide synthesis,
purification techniques and bioengineering, have significantly expanded the
potential applications of AMPs (Avinash et al., 2024; Kumar et al., 2024). Despite
these advancements, several challenges must be addressed before AMPs can
achieve widespread adoption in commercial food preservation. Key issues include
ensuring AMP stability in diverse food matrices, overcoming interactions between
AMPs and food components, addressing regulatory hurdles for AMP use in food,
developing scalable production methods and conducting thorough toxicity
evaluations to ensure safe consumption (Patil et al., 2022). Peptide stability refers to
how well AMPs maintain their structure and function over time, ensuring they
remain active and effective in preserving food. If AMPs break down or lose their
activity too quickly, they cannot effectively protect food from spoilage or
pathogens. Interactions with food components—such as fats, sugars and proteins—
can sometimes reduce AMP effectiveness or even make them less stable.
Additionally, the specificity of AMPs for non-dairy matrices and their interactions
with the complex compositions of plant-based foods (e.g., varying protein
structures in soy or the high fibre content in almond milk) necessitate further
investigation to understand their mechanisms of action and optimise their efficacy
(Devi et al., 2023; Hidalgo-Fuentes et al., 2024).
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Figure 1: Mechanism of Action of Antimicrobial Peptides (AMPs) (Zhang et al., 2021)
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Foundational studies on AMPs have focused on dairy matrices, where the
interactions between peptides and milk proteins have been extensively studied;
however, research in non-dairy matrices remains limited (Nongonierma and
FitzGerald, 2016). In non-dairy matrices, research is more limited due to the
increased complexity of plant-based food systems, which often contain diverse
protein structures, high fibre content and varying levels of fats and sugars. These
factors can affect the stability and efficacy of AMPs. In addition, the lack of
standardised methods for evaluating AMPs in these complex matrices, along with
limited funding and resources for research outside the dairy industry, has hindered
progress in exploring their potential in non-dairy food products. Early work in this
area demonstrated the antimicrobial effectiveness of AMPs in plant-based foods
such as soy milk, fruit juices and fermented plant-based beverages, suggesting their
potential as biological preservatives in these systems (Horlacher et al., 2023;
Shwaiki et al., 2022; Kapetanakou et al., 2021). For example, AMPs have been used
in soy milk to target pathogens such as Staphylococcus aureus ATCC 25923,
Escherichia coli ATCC 25922 and Listeria monocytogenes. Studies have shown a
significant reduction in microbial load over 21 days when soy milk is stored under
refrigerated conditions (4°C) (Ma et al., 2020; Xiang et al., 2017). In another study by
Iglesias et al. (2018), Lactobacillus rhamnosus GG was applied to fruits such as pears
and mangoes to target Listeria monocytogenes. This treatment resulted in a
reduction of microbial load over 9 days when the fruits were stored under
refrigerated conditions (4°C). Similarly, Sani et al. (2024) applied the antimicrobial
peptide P4—derived from germinated seeds of Pisum sativum—to zobo (a plant-
based beverage) to target Bacillus cereus, with results showing a reduction in
microbial load over 3 days under refrigerated conditions (4°C). These studies
highlight the ability of AMPs to prevent microbial spoilage and enhance food safety,
although challenges such as peptide instability in non-dairy matrices and potential
interactions with food components (e.g., proteins, fats and carbohydrates) have
been noted (Rasika et al., 2021; Méakinen et al., 2016).

Recent advancements have focused on the optimisation of AMP production through
biotechnological methods such as recombinant DNA technology and peptide
synthesis. For instance, recombinant DNA technology has been employed to insert
genes encoding AMPs into host organisms like Escherichia coli, allowing for large-
scale production of these peptides. This method has proven effective in increasing
yield and reducing production costs, making AMPs more viable for use in food
preservation (Sampaio de Oliveira et al, 2020; Wibowo and Zhao, 2019).
Researchers have also explored the synergistic effects of AMPs with other
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preservation techniques, including non-thermal techniques such as high-pressure
processing, mild heat treatment and fermentation (Karbowiak et al., 2023; Andaluz-
Mejia et al., 2022). In addition, the incorporation of AMPs into edible coatings and
packaging materials has shown promise, as these technologies can extend shelf life
while maintaining the nutritional and sensory qualities of non-dairy products
(Pandey et al., 2022; Liu et al., 2021; Tkaczewska, 2020; Santos et al., 2018). Despite
these advancements, challenges remain in scaling up production, ensuring AMP
stability in complex food matrices and overcoming regulatory barriers that prevent
widespread adoption (Davoudi et al., 2024; Mihooliya and Kumari, 2024).

A major gap in the current literature is the limited understanding of how AMPs
interact with the diverse array of non-dairy food components. For example, the
complex polysaccharides found in plant-based beverages such as soy or almond
milk may interfere with AMP activity and stability, requiring further investigation to
optimise their efficacy in these matrices. Unlike dairy matrices, which are relatively
homogenous, non-dairy foods vary significantly in composition, which may affect
the activity and stability of AMPs (Rivero-Pino et al., 2023; McClements et al., 2021).
In addition, while some studies have reported the antimicrobial efficacy of AMPs in
non-dairy products, few have addressed their potential for long-term shelf-life
extension, particularly in the face of microbial resistance—a growing concern in the
food industry (Singh et al., 2023). Furthermore, the scalability of AMP production
and the economic feasibility of using these peptides in commercial food
preservation remain underexplored.

This review seeks to bridge existing knowledge gaps by providing a comprehensive
analysis of antimicrobial peptides (AMPs) in non-dairy food matrices. It evaluates the
antimicrobial effectiveness of AMPs across various non-dairy matrices, with a focus
on their stability, activity and interactions with food components. In addition, the
review identifies key challenges in their application, including stability under
storage conditions, potential toxicity and the regulatory frameworks governing their
use in food preservation. Recent technological advancements that enhance the
production, purification and application of AMPs in non-dairy products are also
examined. Finally, the review proposes future research directions, emphasising the
development of cost-effective production methods and the exploration of AMP
synergy with other preservation techniques to address current knowledge gaps and
advance their commercial viability.

By synthesising existing literature, this review aims to provide a comprehensive
understanding of AMPs as a promising solution for biological preservation in non-
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dairy food systems. It explores both the prospects and challenges associated with
incorporating AMPs into these systems, with a specific focus on their ability to
extend shelf life, enhance food safety and promote sustainable preservation
practices. Through this synthesis, the review highlights the current potential of
AMPs while addressing critical knowledge gaps, including issues related to their
stability, interaction with non-dairy food matrices and scalability for commercial
application. Furthermore, the review outlines key areas for future research that
could drive the integration of AMPs into biological preservation strategies, offering
practical solutions for overcoming current challenges. By positioning AMPs as a
central component in the evolving landscape of food safety, nutrition and
sustainability, this review underscores their potential to make a significant impact
on both developed and emerging food markets globally.

MATERIAL AND METHODS

Method

This review paper was conducted through a systematic analysis of the current
literature on antimicrobial peptides (AMPs) and their application in non-dairy food
systems for biological preservation. A comprehensive search was performed across
several scientific databases, including PubMed, Scopus and Google Scholar,
focusing on studies published between 2000 and 2024. This timeframe was chosen
because of the significant advancements in AMP research during this period, which
has seen substantial developments in the identification, synthesis and application of
AMPs, particularly in food preservation. It also aligns with the increasing interest in
natural preservatives and the growing demand for safer, more sustainable food
preservation methods in response to consumer and regulatory pressures. Recent
breakthroughs in biotechnological methods, such as recombinant DNA technology
and peptide synthesis, have contributed to the expansion of AMP research, making
this period particularly relevant for examining progress in the field.

The inclusion criteria for selecting articles were based on language, publication
type, subject focus and methodology. Only studies published in English were
included to ensure consistency and accessibility. Peer-reviewed journal articles,
reviews, conference papers and relevant grey literature were considered, with an
emphasis on research directly related to the use of AMPs in non-dairy matrices—
such as plant-based beverages, fermented foods and minimally processed plant-
based products. Grey literature, including industry research reports, governmental
publications and technical documents, was also included as it can offer valuable

insights not captured in traditional peer-reviewed journals. Such literature often
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provides real-world applications, preliminary findings and industry-driven
innovations that may not yet be fully published or validated in academic journals.
The inclusion of both peer-reviewed and grey literature ensures a well-rounded
exploration of the current state of AMP research and its potential applications in
non-dairy food systems, offering a broader view that complements academic
findings with practical and evolving insights.

Studies that examined the antimicrobial efficacy, stability and practical applications
of AMPs in these food systems were prioritised, while research outside the specified
timeframe or unrelated to AMPs in non-dairy foods was excluded. Global studies
were included, with particular focus on regions where non-dairy food systems are
rapidly expanding, such as North America, Europe and emerging markets in Asia
and Africa. The review also prioritised experimental studies, systematic reviews and
theoretical papers that provided valuable insights into the mechanisms and
potential challenges associated with AMP-based biological preservation in non-dairy
foods.

Once the relevant studies were identified, key data were extracted systematically.
This included the types of AMPs studied, their sources (e.g., bacteria, plants or
animals), their antimicrobial effectiveness against spoilage organisms and
pathogens in non-dairy matrices, and their stability in these systems. The reviewed
studies reveal several key trends in the types and sources of AMPs utilised for non-
dairy food preservation. A prominent trend is the increasing use of bacteriocins—a
group of AMPs primarily derived from bacteria—which have been found to exhibit
strong antimicrobial activity against a range of spoilage organisms and pathogens
in non-dairy matrices. These include Lactobacillus spp.-derived AMPs, such as nisin,
which have shown effective inhibition against Listeria monocytogenes and
Escherichia coli in plant-based beverages and fermented foods. Additionally, plant-
derived AMPs—for example, those from Pisum sativum (pea)—have gained attention
for their potential in food preservation, offering advantages such as lower toxicity
and greater biocompatibility with plant-based food systems. Animal-derived AMPs,
such as cecropin P1, have also been used in various studies, demonstrating
effectiveness in controlling microbial load in fruit juices and other plant-based
products.

There is a growing trend in the incorporation of natural AMPs from diverse sources

to address microbial contamination in plant-based foods. The studies suggest that

the antimicrobial effectiveness of these peptides is often tied to their structural

properties. Additionally, information on the application of AMPs for biological
316



Sustain@

preservation, as well as the challenges and limitations reported in the literature, was
gathered. Specific challenges related to peptide stability, production costs and
regulatory barriers were emphasised, providing a comprehensive overview of the
current state of AMP research.

To ensure the reliability and validity of the selected studies, a qualitative appraisal
was performed using a modified version of the Critical Appraisal Skills Programme
(CASP) checklist for systematic reviews (CASP, 2018). This framework was used to
assess the methodological quality of each study, considering factors such as clear
research objectives, well-defined methodologies, rigorous data analysis and
transparent reporting of results. Studies meeting these criteria were prioritised, as
they offered high-quality evidence upon which to base the conclusions drawn in the
review.

The extracted data were then synthesised through a thematic analysis, identifying
common patterns, trends and knowledge gaps. Key areas of focus included the
antimicrobial mechanisms of AMPs, their synergy with other preservation
techniques, their scalability for commercial use and the regulatory challenges to
their adoption in the food industry. By utilising this methodology, the review
provides a solid foundation for understanding the current landscape of AMP
research in non-dairy biological preservation and offers insights into future research
directions that could facilitate the widespread application of AMPs in the food
industry.

RESULTS AND DISCUSSION

Efficacy of Antimicrobial Peptides (AMPs) in Non-Dairy Food Matrices

The review of existing literature underscores the potential of AMPs to enhance food
safety and prolong the shelf life of non-dairy food systems. AMPs have
demonstrated broad-spectrum antimicrobial activity, effectively targeting
pathogens such as Listeria monocytogenes, Escherichia coli and Salmonella spp. in
various plant-based food matrices (Li et al., 2024; Chai et al., 2019). For example,
studies involving soy milk revealed that AMP treatment led to a reduction in
microbial load of Staphylococcus aureus ATCC 25923 and Escherichia coli ATCC
25922 over a 21-day refrigerated storage period, significantly outperforming
untreated samples (Ma et al., 2020).

Similarly, AMP treatments have been applied to minimally processed fruits and
vegetables, resulting in extended shelf life over a 9-day period when stored under
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refrigerated conditions {(4°C), compared to control groups. In studies on fruits such
as pears and mangoes, the antimicrobial peptide Lactobacillus rhamnosus GG was
used to target Listeria monocytogenes. These studies showed a significant
reduction in microbial load, suggesting that AMPs may prolong the shelf life of
these fruits by inhibiting the growth of spoilage microorganisms, potentially
extending their freshness by several days under refrigerated conditions. Notably,
these improvements were achieved without compromising critical sensory
properties such as flavour and texture, which are essential for consumer
acceptance (Ranjith et al., 2022; Iglesias et al., 2018).

Another study by Silva and Lidon (2016) reviewed the use of EU-authorised food
preservatives—particularly antimicrobial agents—highlighting the regulatory
approval and safety of these conventional preservatives. However, they suggested
that AMPs offer a more effective alternative. Unlike some chemical preservatives
that may alter food quality, AMPs provide targeted microbial control, maintaining
product safety while preserving sensory and nutritional qualities. The review further
noted that 45 preservatives are regulated for use in the EU, each having undergone
rigorous safety assessments. Despite their effectiveness, these chemical agents
face growing consumer concerns regarding potential health risks and the desire for
more natural alternatives.

In comparison, AMPs are not yet fully regulated for use in food preservation within
the EU, primarily due to gaps in scientific data regarding their safety, stability and
efficacy in food matrices. As novel ingredients, AMPs require extensive studies on
their toxicity, long-term effects and interactions with food components before
regulatory approval can be granted. While AMPs have demonstrated significant
antimicrobial activity in research, their integration into the food industry is hindered
by the lack of a clear regulatory framework. Regulatory bodies such as the European
Food Safety Authority (EFSA) are still evaluating AMPs for potential use in food
preservation, meaning that AMPs are not yet widely approved for commercial use.
Therefore, while AMPs may offer significant advantages over conventional
preservatives, their regulatory approval pathway is more complex, involving
comprehensive safety evaluations and standardised testing protocols.

Dhayakaran et al. (2016) expanded the scope of AMPs by investigating soy peptides

through a high-throughput drug screening assay. The identification of specific soy

peptides with significant antimicrobial properties—such as PGTAVFK and

IKAFKEATKVDKVVVLWTA—highlighted the potential for plant-based alternatives to

traditional antibiotics. This study reinforced the therapeutic potential of soy-derived
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peptides and underscored their relevance to food preservation, emphasising the
need for advanced screening techniques.

Likewise, Lopez-Garcia et al. (2022) provided a comprehensive overview of
bioactive compounds derived from food proteins, emphasising the dual role of
peptides as antioxidants and antimicrobial agents. Their findings indicated that
innovative extraction technologies could enhance the yield and efficacy of these
peptides, thus supporting their application in functional foods. This study
highlighted the need for further exploration of peptide-food constituent
interactions, which is crucial for developing effective biological preservation
strategies.

In another study, Zhang et al. (2021) demonstrated that three natural AMPs
exhibited broad-spectrum and rapid antimicrobial activity against spoilage bacteria
by permeabilising membranes and interacting with bacterial DNA. These peptides
also showed strong anti-biofilm properties and synergistic effects with chemical
preservatives, enhancing food storage outcomes across various matrices.
Importantly, the peptides were biodegradable by trypsin, reducing potential toxicity
concerns. These findings underscore the potential of AMPs as safe, effective and
sustainable solutions for improving food preservation.

Teneva and Denev (2023) addressed the pressing global concern of food safety by
advocating for natural, bioactive compounds derived from probiotics and plant
extracts. Their findings illustrated the potential of these compounds in extending
the shelf life of food products while enhancing nutritional value. This review
contributed to understanding biological preservation as a viable method for
ensuring food safety and quality, aligning with the growing consumer preference
for natural ingredients.

AMPs have proven effective in preserving the shelf life of plant-based beverages by
maintaining flavour profiles and microbiological stability while significantly
reducing microbial counts. In a study using germinated Pisum sativum seeds,
peptides were extracted and evaluated for their antimicrobial properties. Peptides
extracted on day six (P6:3) exhibited the highest antibacterial activity against
Bacillus cereus, while day four peptides (P4) demonstrated the lowest minimum
inhibitory concentration. Although no antifungal activity was observed, the purified
peptides extended the shelf life of ‘zobo’, a traditional African beverage. Notably,
P4:4 at 10% concentration and pH 2.3 received the highest sensory acceptance,
with a 72.22% preference after 72 hours of storage. These findings underscore the
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potential of AMPs, particularly Pisum sativum peptides, as natural and innovative
preservation solutions for plant-based and traditional beverages, addressing the
growing consumer demand for clean-label products (Sani et al., 2024).

Finally, the recent study by Thuy et al. (2024) focused on the characterisation of
bacteriocin-like inhibitory substances produced by probiotics isolated from
fermented foods. This research emphasised the urgent need for new antimicrobial
agents to combat antimicrobial resistance, showcasing the efficacy of LAB-derived
AMPs against multidrug-resistant pathogens. The investigation into the mechanisms
of action of these peptides further highlighted their potential as substitutes for
conventional antibiotics, which could be explored as biopreservatives in the food
industry.

Table 1: Efficacy of AMPs in Non-Dairy Foods

Antimicrobial Microbial
Food Peptides Pathogens Load Storage
Matrix (AMPs) Used Targeted Reduction  Conditions References
Soy Milk Bacteriocins S. aureus ATCC Significant  Refrigerated (Maetal.,
25923, E. coli reduction (4°C) 2020; Xiang
ATCC 25922, L. over 21 etal., 2017)

monocytogenes days

Plant- P4 from Bacillus cereus Reduction Refrigerated  (Sani et al.,

Based Germinated over 3 (4°C) 2024)

Beverages seed of Pisum days

(Zobo) sativum

Fruits (e.g.,  Lactobacillus L. Reduction Refrigerated  (Iglesias et

Pears, rhamnosus GG monocytogenes over 9 (4°C) al., 2018;

Mangoes) days Ranjith et

al., 2022)

Vegetables  Enterocin AS- S. aureus, E. coli,  Reduction Refrigerated  (Abriouel et

48 L. (5 days) (4°C) al., 2010)
monocytogenes
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AMP Stability in Diverse Food Systems
The stability of AMPs is highly dependent on processing conditions and the food

matrix into which they are incorporated. Most AMPs retain antimicrobial activity
when exposed to mild heat treatments (e.g., up to 60°C). However, at higher
temperatures—particularly above 80°C—their efficacy decreases significantly, with
studies reporting up to a 40% reduction in antimicrobial activity. This temperature
sensitivity could limit the application of AMPs in heat-processed food systems (e.g.,
pasteurised fruit juices, canned vegetables and UHT-treated beverages) unless
strategies such as encapsulation or co-application with heat-resistant preservatives
are employed (Xu et al., 2023; Liu et al., 2020).

The pH of the food matrix plays a crucial role in determining AMP stability, as most
AMPs are more stable and active in slightly acidic to neutral conditions, which align
with the natural pH of many food systems. However, extreme pH levels—such as the
high acidity of citrus-based juices or the alkalinity of certain fermented soy
products—can destabilise AMPs and reduce their antimicrobial activity. For
instance, peptides generally exhibit reduced stability in highly acidic environments
(pH < 4), where structural changes may lead to a loss of function (Zapadka et al.,
2017).

To address these challenges, recent studies have developed strategies such as
encapsulating AMPs in pH-sensitive carriers (e.g., alginate or chitosan
nanoparticles) to shield the peptides in acidic environments and facilitate controlled
release under neutral conditions. Furthermore, advancements in genetic
engineering have produced acid-tolerant AMPs capable of maintaining their stability
and antimicrobial activity in low-pH environments. These engineered peptides are
particularly suitable for fermented non-dairy foods such as plant-based yoghurts
and beverages (Nordstrom and Malmsten, 2017; Snyder and Worobo, 2014).

The presence of proteolytic enzymes in complex food matrices poses a significant
challenge to the stability of AMPs, as these enzymes can degrade the peptides,
thereby diminishing their effectiveness as biological preservatives (Ashaolu et al.,
2024; Pei et al., 2022). To mitigate this issue, advancements in protective
technologies—particularly encapsulation—have gained considerable attention.
Encapsulation techniques (e.g., microencapsulation in lipid-based systems, alginate
beads or protein-based carriers) not only protect AMPs from enzymatic degradation
but also allow for controlled release during storage or consumption, ensuring that
the peptides remain active and effective (Singh et al., 2023; Liu et al., 2021). For
example, encapsulating AMPs in alginate-chitosan nanoparticles has been shown to
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enhance their stability in enzymatic environments while maintaining antimicrobial
activity over extended periods (Teixeira et al., 2020).

Synergistic Effects with Other Preservation Methods
The combination of AMPs with other preservation techniques has been shown to

enhance their antimicrobial activity, offering an integrated approach to food safety.
Andaluz-Mejia et al. (2022) reported a synergistic reduction in microbial load when
AMPs were applied alongside non-thermal technologies such as power ultrasound
(US), pulsed electrical fields (PEF) and high hydrostatic pressure (HHP). This
approach was more effective than traditional heat treatments alone, particularly in
reducing pathogens like Escherichia coli and Listeria monocytogenes.

The synergistic effects of AMPs with other preservation methods have been studied
in various non-dairy matrices. For instance, nisin was applied to green juice in
combination with thermosonication, resulting in the inactivation of both Gram-
positive and Gram-negative bacteria (Oner, 2020). Similarly, cecropin P1 was used
in orange juice along with low-power ultrasonication, leading to a reduction in the
cell density of E. coli (Fitriyanti and Narsimhan, 2018). Another study demonstrated
the application of nisin in fresh apple juice combined with thermosonication,
achieving inactivation of naturally occurring microorganisms (Liao et al., 2018).
Additionally, natamycin was used in pomegranate juice alongside pasteurisation
and sonication, leading to a notable reduction in microbial load (Yikmis, 2019).
These findings underscore the potential of combining AMPs with complementary
preservation technologies to enhance food safety and quality.

Moreover, the co-application of AMPs with natural antimicrobials such as organic
acids and essential oils not only amplifies their antimicrobial effects but also helps
preserve the sensory properties of food. When combined, these agents work
synergistically to enhance microbial control while reducing the need for high AMP
concentrations, which can sometimes affect flavour or texture. For example, the
combination of AMPs with citric acid increased the inhibition of Salmonella enterica
by 60%, compared to 30% inhibition when AMP was applied alone (Zuorro et al.,
2024). This synergy reduces the required AMP concentrations, thereby lowering
production costs while maintaining high efficacy.

In addition, AMP-treated non-dairy products stored under refrigerated conditions
consistently maintained microbial stability over extended periods. This preservation
approach significantly enhanced both the safety and shelf life of plant-based food
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products, making AMPs a valuable component in the development of sustainable
biological preservation strategies (Meena et al., 2023).

Table 2: Synergistic Effects of AMPs with Other Preservation Methods

AMP Used  Non-dairy Other Synergistic Effect Reference
Matrix Preservation Observed
Method
Nisin Green juice Thermosonication Inactivation of Gram (Oner, 2020)

positive and Gram
negative bacteria

Cecropin Orange juice Low power Reduction in the cell (Fitriyanti and
P1 ultrasonication density of E. coli Narsimhan,
2018)
Nisin Fresh apple Thermosonication Inactivation of naturally  (Liao et al.,
juice occurring 2018)

microorganisms in
fresh apple juice
Natamycin ~ Pomegranate Pasteurization and Reduction in microbial (Yikmis, 2019)
juice Sonication load

Challenges in AMP Application

Despite their potential, several challenges impede the widespread adoption of
AMPs in non-dairy food preservation. A primary obstacle is the high cost of
production, as current manufacturing techniques—including chemical synthesis
and recombinant expression—are expensive and not easily scalable for commercial
applications. This financial barrier limits the feasibility of integrating AMPs into
large-scale food systems (Corréa et al., 2023). However, recent advancements in
production technologies are beginning to address these challenges. Innovations in
fermentation-based production, using microorganisms such as yeast or bacteria to
express AMPs, have shown promise in lowering costs and improving scalability
(Mihooliya and Kumari, 2024). For instance, genetic engineering techniques now
allow for more efficient AMP expression in microbial systems, reducing the need for
expensive chemical synthesis. Advances in solid-state fermentation and bioreactor
design have further improved yields and reduced production time, making AMP
production more economically viable for large-scale commercial applications.
These developments are expected to enhance the feasibility of AMPs as an
affordable and sustainable solution for food preservation, opening up opportunities
for their widespread use in non-dairy products (Deo et al., 2022).
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Regulatory hurdles further complicate AMP application, with inconsistent approval
frameworks across regions and insufficient toxicological data delaying their
acceptance as food-grade preservatives. The lack of standardised evaluation
criteria for AMPs creates uncertainty for manufacturers, hindering market entry
(Santos et al., 2018; Cleveland et al., 2001).

Another significant challenge lies in the interaction of AMPs with complex food
matrices, where they can bind to various components such as fats, proteins and
carbohydrates, potentially reducing their antimicrobial efficacy. For example,
interactions between AMPs and lipids in food products can sequester the peptides,
limiting their availability to target and neutralise harmful microorganisms. Similarly,
binding to proteins can alter the peptides’ structure, impairing their ability to
interact with microbial membranes. These interactions may result in a decrease in
the overall activity of AMPs, reducing their effectiveness in preserving food.

To overcome these challenges, researchers are exploring various strategies. One
approach involves encapsulating AMPs in protective carriers (e.g., nanoparticles or
liposomes) to shield the peptides from interactions with food components and
ensure stability during storage. This encapsulation also allows for controlled
release, enabling AMPs to gradually act on target pathogens over time. Another
potential solution is the design of engineered peptides with modified sequences
that are less prone to binding with non-target food components. By optimising the
structure of AMPs, their ability to remain active and stable in complex matrices
could be enhanced. Additionally, formulating AMPs with synergistic agents—such
as essential oils or organic acids—may help mitigate the effects of these
interactions by providing broader-spectrum antimicrobial activity while reducing
the reliance on high AMP concentrations. Such strategies could enable AMPs to be
more effective and practical in preserving non-dairy foods, particularly in products
with high fat or protein content where their efficacy is often reduced due to binding
or structural modifications (Davoudi et al., 2024; Leon and Segura, 2020).

Addressing these challenges through advancements in cost-effective production
methods, comprehensive toxicological studies and tailored formulations is essential
for unlocking the full potential of AMPs in biological preservation.
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Stability Issues
Effects of temperature and pH on AMP activity

Regulatory Challenges
Need for consistent regulations for AMPs as
food-grade preservatives

Cost of Production
Expensive synthesis methods and scalability
issues

Figure 2: Challenges in the Application of AMPs in Non-Dairy Food Matrices

Novel Insights and Trends zin Antimicrobial Peptides
Emerging trends in AMP research highlight promising innovations aimed at

overcoming existing challenges and expanding their commercial viability. One such
innovation is the development of encapsulation technologies—using liposomes and
nanoparticles—which protect AMPs from degradation and enhance their stability in
complex food matrices. Another promising approach is the engineering of acid- and
heat-tolerant AMPs, specifically designed to remain active under the harsh
conditions often found in food processing and storage. Additionally, genetically
engineered peptides with enhanced stability, tailored antimicrobial activity and
improved resistance to degradation in complex food matrices are being developed
(Kumari et al., 2024; Singh, 2018). Fermentation-based production methods are also
gaining traction as a cost-effective and scalable alternative to traditional synthesis
techniques, addressing the economic barriers associated with AMP manufacturing
(Zhao et al., 2024; Gollop et al., 2003).
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The increasing consumer demand for clean-label, natural food products further
supports the adoption of AMPs as sustainable biopreservatives (Ruiz-Ramirez et al.,
2024). Their alignment with the global shift towards minimally processed and
additive-free foods positions AMPs as an appealing solution for enhancing food
safety and shelf life. This trend underscores the potential of AMPs not only to meet
market demands but also to contribute to environmental sustainability by reducing
food waste through extended product stability (Ruiz-Ramirez et al., 2024; Krishnan
et al., 2024; Garin-Murguialday et al., 2024).

Despite these promising developments, optimising AMP stability, scalability and
regulatory compliance remains a priority. To facilitate broader adoption in the food
industry, regulatory harmonisation is needed whereby global standards for AMP use
in food products are developed to streamline the approval process. Regulatory
bodies such as the FDA, EFSA and Codex Alimentarius could collaborate to create
unified guidelines for AMP safety, efficacy and allowable concentrations in food
systems, reducing discrepancies in approval processes across different markets
and encouraging wider adoption. Furthermore, revisiting the existing framework for
food preservatives to include AMPs in the Generally Recognised as Safe (GRAS) list
may enable a faster and more transparent regulatory pathway for AMP inclusion.
Collaboration between the food industry and biotechnology companies could also
drive the development of cost-effective, scalable production methods for AMPs by
leveraging advancements such as recombinant expression systems, fermentation
technologies and synthetic biology. Public-private partnerships between academic
institutions, government agencies and food companies could support research and
development of AMPs with tailored characteristics suited to different food systems,
thereby overcoming challenges related to stability, formulation and scaling.

Continued research into innovative production technologies, such as recombinant
expression and matrix-specific delivery systems, is essential for realising the full
transformative potential of AMPs in non-dairy food systems. These advancements,
coupled with collaborative efforts to establish robust regulatory frameworks, could
pave the way for their widespread adoption in the global food industry.

DISCUSSION

The reviewed studies demonstrate that AMPs possess significant potential to
enhance food safety and extend the shelf life of non-dairy food systems. As
highlighted in previous research, AMPs exhibit broad-spectrum antimicrobial
activity against common foodborne pathogens such as Listeria monocytogenes,
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Escherichia coli and Salmonella spp. The antimicrobial action of AMPs typically
involves several mechanisms that disrupt microbial cell integrity. One primary
mechanism is the electrostatic interaction between the positively charged AMPs
and the negatively charged components of bacterial cell membranes (e.g.,
phospholipids). This interaction facilitates the insertion of peptides into the lipid
bilayer, resulting in membrane destabilisation, pore formation and eventual cell
lysis. In addition to membrane disruption, AMPs can also bind to intracellular targets
(e.g., nucleic acids or proteins), thereby inhibiting bacterial cell function and
replication. Some AMPs, such as nisin, have been shown to interfere with cell wall
biosynthesis, further compromising microbial structural integrity. Furthermore,
certain AMPs can trigger oxidative stress by generating reactive oxygen species
(ROS), which damage cellular components including lipids, proteins and DNA,
ultimately leading to microbial death. These multi-target mechanisms contribute to
the broad-spectrum efficacy of AMPs against a wide range of foodborne pathogens,
including those typically resistant to traditional chemical preservatives.
Understanding these mechanisms allows for the strategic design of AMPs with
enhanced antimicrobial properties and stability, thereby optimising their use in food
preservation (Xiang et al., 2017). Our findings confirm that AMPs can effectively
reduce microbial loads in plant-based products such as soy milk, African traditional
beverages like zobo and minimally processed fruits and vegetables, aligning with
the results of previous studies (Ma et al., 2020; Sani et al., 2024).

However, while AMPs are effective at reducing microbial load, the extent of their
antimicrobial action is influenced by several factors, including food matrix
composition and storage conditions. For instance, the presence of fats in food
matrices can reduce AMP efficacy by interacting with the peptides and forming
complexes that decrease their ability to target microbial membranes. This is
particularly evident in high-fat food products like plant-based dairy alternatives or
certain meat substitutes. Similarly, the presence of proteins in non-dairy foods (e.g.,
plant-based beverages) can impact AMP effectiveness by binding to them, altering
their conformation and reducing their interaction with pathogens. These
interactions highlight the need for tailored AMP formulations and strategies—such
as encapsulation or conjugation with other molecules—to overcome matrix-induced
challenges and ensure stability and efficacy in diverse food systems (Davoudi et al.,
2024).

The potential to maintain the sensory properties of food while extending shelf life is

particularly significant for clean-label and minimally processed products, which are

increasingly in demand (Xu et al., 2023). Balasubramaniam et al. (2023) report that
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the global market for clean-label products reached $180 billion in 2020, driven by
health, environmental and societal concerns. As consumers increasingly seek
natural and transparent food options, biopreservatives like AMPs are gaining
traction. Since AMPs are naturally derived, they offer a sustainable and consumer-
friendly alternative to traditional chemical preservatives, helping maintain product
quality and safety without compromising sensory attributes or nutritional value.
Nonetheless, further studies are needed to optimise AMP formulations for various
non-dairy matrices, addressing aspects such as the concentration required for
optimal antimicrobial activity without negatively impacting sensory properties, the
delivery method for improved stability and controlled release, and the overall
stability of AMPs under varying environmental conditions (e.g., temperature, pH and
the presence of other food components).

The promising synergy between AMPs and other preservation methods—such as
non-thermal technologies like high-pressure processing (HPP), pulsed electric field
(PEF) processing, ultrasound (US) and natural antimicrobials (e.g., organic acids and
essential oils)—can reduce the required AMP concentrations, thereby lowering
production costs and enhancing economic feasibility for large-scale application.
However, combining these treatments requires careful consideration of potential
interactions that might affect AMP stability and activity. For instance, while HPP or
PEF can enhance microbial inactivation, they may also adversely affect AMP
structure. Future research should investigate optimal conditions for combining
these methods and explore advanced techniques like encapsulation to protect
AMPs during processing.

Despite the clear potential of AMPs, several challenges must be addressed before
they can be widely adopted in non-dairy food systems. The high cost of AMP
production remains a significant barrier, although fermentation-based production
methods show promise in reducing costs and improving scalability (Rivero-Pino et
al., 2023). Optimising microbial strain selection, fermentation conditions and
downstream processing (e.g., extraction and purification) is crucial for making AMP
production economically viable on a large scale. Regulatory challenges also present
a major barrier, as inconsistent approval frameworks, inadequate safety data and
limited harmonisation of evaluation criteria delay their acceptance as food-grade
preservatives. Regions such as the European Union, the United States and parts of
Asia and Africa face different regulatory hurdles, further complicating the global
adoption of AMPs (Bose and Sharma, 2025; Gahamanyi et al., 2023).
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Further research on the toxicological safety of AMPs especially for long-term
consumption is essential to facilitate regulatory approval. Harmonising guidelines
across regions (e.g., through frameworks like the Codex Alimentarius) could
streamline approval processes and encourage global adoption of AMP-based
preservatives. In addition, a deeper understanding of how AMPs interact with
various food components is necessary to develop matrix-specific formulations that
maintain efficacy across diverse product types.

Emerging trends in AMP research such as advances in nisin variants, genetic
engineering for enhanced stability and fermentation-based production methods
offer promising solutions to many of these challenges. However, ethical and
regulatory implications associated with genetically engineered AMPs require
transparent risk assessments, comprehensive safety evaluations and clear labelling
to foster public trust (Kumari et al., 2024). The growing demand for clean-label,
sustainable food products positions AMPs as key players in the future of food
preservation, but further work is needed to ensure their stability, scalability and
safety for commercial application.

LIMITATIONS AND AREAS FOR FURTHER
RESEARCH

While this review has provided valuable insights into the potential and challenges of
antimicrobial peptides (AMPs) in non-dairy food systems, some limitations must be
acknowledged. First, the studies reviewed predominantly focus on the efficacy of
AMPs in laboratory or pilot-scale settings, and more research is needed to assess
their performance in real-world, industrial-scale applications. Second, the diversity
of AMP types and the variation in food matrices complicate direct comparisons
across studies, underscoring the need for standardised testing methods and
criteria.

Future research should focus on addressing the gaps in our understanding of AMP
interactions with specific food matrices. In addition, investigating the long-term
stability and safety of AMPs in various non-dairy food products under commercial
processing and storage conditions is crucial for the successful integration of AMPs
into biological preservation strategies. Finally, large-scale, multi-centre trials are
needed to assess the practical implications of AMP use in food safety and shelf-life
extension across different non-dairy food sectors.
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Table 3: Knowledge Gaps and Future Research Directions for AMPs in Non-Dairy
Biological Preservation

Knowledge Gap Proposed Future Research Direction

Lack of large-scale production = Development of cost-effective, scalable AMP

methods production methods (e.g., fermentation-based)

Regulatory barriers for AMP Investigate the safety and toxicological profiles of

approval AMPs to meet regulatory standards

Inconsistent AMP stability in Engineering AMPs with enhanced stability in

different food matrices diverse food environments

Limited knowledge of AMP Study AMP-food matrix interactions and develop

interactions with food formulations for enhanced performance

components

Insufficient real-world Conduct large-scale trials to validate the

application data effectiveness of AMPs in commercial non-dairy
products

To further advance the field of AMP biological preservation in non-dairy systems, a
structured research roadmap is outlined in Figure 3. This roadmap visualises the key
stages and future directions for AMPs, from lab-based research to large-scale
commercial applications.

Current Stage
Research on AMP efficacy and stability in lab settings

Figure 3: Roadmap for Future Research on AMPs in Non-Dairy Biological
Preservation
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CONCLUSION

In conclusion, antimicrobial peptides offer significant promise as biological
preservatives in non-dairy food systems, with the potential to enhance food safety,
extend shelf life, and align with consumer demands for natural and sustainable
ingredients. However, challenges such as high production costs, regulatory hurdles,
and food matrix interactions must be addressed before AMPs can be widely
adopted. Continued advancements in genetic engineering, production
technologies and regulatory frameworks, combined with further research into AMP
stability and efficacy in diverse food matrices, will be critical for realising the full
potential of AMPs in the food industry.
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