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Abstract

The use of natural preservatives has a long history, dating back centuries when traditional medicine relied on plant-based and other natural compounds to
enhance food stability and safety. Herbs, spices, and specific plant extracts have been well-documented for their antimicrobial and antioxidant properties.
These natural ingredients play a crucial role in reducing spoilage and extending the shelf life of food products. Recent advancements in scientific research
have rekindled interest in natural bioactive compounds as viable alternatives to synthetic preservatives. This review seeks to delve into the importance
of natural compounds in the development of functional foods, classifying them into four principal categories: botanical preservatives with two
subgroups—plant-based preservatives and hydrocolloid-based preservatives; marine-derived preservatives; in-situ-produced preservatives; and the
potential toxic effects associated with specific natural preservatives. The functional mechanisms of these natural preservatives encompass the inhibition of
microbial growth, metal ion chelation, enzymatic inhibition, and structural modifications of food components. Although natural preservatives provide
significant benefits concerning food preservation and safety, it is vital to consider the possibility of toxicity at elevated dosages. Certain bioactive
compounds may exhibit cytotoxic or hepatotoxic effects when ingested in excessive quantities. This review emphasizes the necessity of achieving a balance
between efficacy and safety, offering valuable insights for the optimization of natural preservatives in functional foods. A thorough understanding of these
considerations will contribute to the continued advancement of safer and more effective natural preservatives, thereby promoting sustainable food
production practices.
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Introduction

The burgeoning field of functional foods has witnessed a para-
digm shift in the food industry, with consumers increasingly seek-
ing products that promote health rather than nourishment. Food
safety remains a critical global issue, despite the progress made in
food processing techniques. It is essential to process and handle
food correctly to prevent contamination, spoilage, and a decline in
quality. Utilizing natural antimicrobial compounds is an effective
strategy for enhancing food safety!',

The food industry has made significant investments in preserva-
tion methods in recent years. While many of these involve chemical
and synthetic preservatives due to their cost effectiveness and wide
availability, health authorities and international food safety organi-
zations increasingly advocate for the use of natural alternatives, as
excessive consumption of synthetic additives may pose potential
health risks!?. The most frequently utilized synthetic preservatives in
the food industry encompass nitrites, nitrates, sulfites, citric acid,
ascorbic acid, benzoic acid, propionic acid, sorbic acid, and their
derivatives. Although these preservatives play a significant role in
enhancing the safety and quality of food products, it is important
to acknowledge the potential risks they may pose to consumers.
Adverse effects associated with these substances can include
gastrointestinal disorders, asthma, certain types of cancer, and vari-
ous allergic reactionsBl. Therefore, natural preservatives by lower
side effects have been of interest in recent decades. These chemi-
cals include animal, marine, and plant sources. The compounds
demonstrate efficacy in treating various diseases and exhibit a
range of beneficial biological effects. These effects include anti-
ulcerogenic, cytotoxic, analgesic, antineoplastic, hypolipidemic, and
antidiabetic properties, and they also play a role in modulating
immune system activityl.

© The Author(s)

Marine-derived preservatives offer a compelling alternative to syn-
thetic compounds, given their natural origin and potential health
benefits. Preservatives can be sourced from a range of marine
organisms, including algae, bacteria, and fish®. Numerous studies
have underscored the benefits of marine-derived preservatives,
which include the inhibition of microbial growth, antioxidant prop-
erties, preservation of sensory quality, modification of texture, and
enhancement of nutritional valuel©,

The use of animal-derived preservatives in food can vary signifi-
cantly between countries due to cultural preferences, dietary habits,
and regulatory frameworks!”l, Animal-derived preservatives offer a
range of advantages, one of the most significant being their ability
to extend product shelf life. For example, gelatin, a protein extracted
from animal collagen, serves an essential role in its capacity as a
thickener and stabilizer. This substance is utilized across a diverse
array of food products. Its application enhances texture, mini-
mizes syneresis, and contributes to enhancing the shelf life of food
products®l. Lysozyme, found in egg whites, is a natural antimicro-
bial agent that breaks down bacterial cell walls, effectively prevent-
ing bacterial growth®. Casein, a major milk protein, significantly
lowers water activity in foods, inhibiting microbial growth. Lactoper-
oxidase is a crucial enzyme that is naturally present in milk, works
with thiocyanate and hydrogen peroxide to form a potent antimi-
crobial system that effectively targets a comprehensive variety of
bacterial'%l, Although animal-derived preservatives have been used
for centuries, it is essential to consider their potential impacts on
food safety, consumer preferences, and regulatory compliance.

Insect-based additives, which can promote the safety of foods, are
other natural preservatives which their usage is of concern in some
countries. For example, carmine is a natural red dye derived from
the cochineal insect, and is approved by the European Commission
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for edible consumption. Other than coloration, its antimicrobial
potency has been approved by scientists. However, consumption of
insect-based additives is of concern in Islamic countries, which has
restricted its widespread usage in the food industry, especially for
export purposes!'l,

Plant-based preservatives are promising alternatives to synthetic
counterparts due to their inherent safety and potential health bene-
fits. These natural compounds offer a comprehensive variety of anti-
microbial and antioxidant properties, making them effective in
inhibiting the growth of foodborne pathogens, and preventing
oxidative deterioration. Essential oils from aromatic plants are
valued for their potent antimicrobial effects. Notable compounds
such as thymol, carvacrol, and eugenol, present in thyme, oregano,
and clove oils, respectively, have demonstrated efficacy in inhibit-
ing the growth of a diverse range of bacteria, yeasts, and molds['2.
Plant extracts comprise a complex blend of bioactive compounds,
including polyphenols, flavonoids, and terpenes, which exhibit con-
siderable preservative potential. For instance, both rosemary and
green tea extracts, containing carnosic acid and catechins, respec-
tively, exhibit strong antioxidant and antimicrobial activities. Their
efficacy is likely attributed to the synergistic interactions among the
various constituents present within these extracts('3,

While the potential of plant-based preservatives is significant,
there are still challenges to be addressed. The considerations
include the variability in the composition of plant-based extracts,
their potential interactions with other food components, and the
necessity for further research to optimize their application across
various food matrices. Additionally, regulatory frameworks and con-
sumer acceptance may pose barriers to the widespread adoption of
plant-based preservatives.

The global shift towards healthier and more natural food options
has spurred increased interest in natural preservatives. This paper
explores the scientific foundations of natural preservatives, their
mechanisms of action, and their uses in functional foods (Table 1).
The types of natural preservatives, their mechanisms of action, effi-
cacy in various food matrices, and potential limitations will be
explored in this review.

Botanical preservatives

Plant-based preservatives

Functional foods have increasingly gained recognition for their
ability to deliver enhanced health benefits that extend beyond
fundamental nutritional needs. In this context, herbal medicine,
which is rich in numerous bioactive compounds, represents a pro-
mising avenue for the development of innovative functional food
products. Essential oils and extracts originate from plant materials
and are employed in a variety of industries, including food, cosmet-
ics, and pharmaceuticals. Despite their shared botanical origins,
these two substances differ considerably in terms of their com-
position, extraction methods, and inherent properties. Composi-
tion of the extracts includes a wide range of compounds, from
volatile aromatic compounds to other bioactive substances such
as flavonoids, tannins, and polysaccharides. In comparison, EOs
are concentrated and contain volatile aromatic compounds that
are the 'essence' of a plant. They primarily consist of terpenes
and their derivatives, which give plants their characteristic scent
and flavorl2840], There exists a significant distinction between the
composition and properties of essential oils and plant extracts,
which subsequently influences their nutrient content. Plant extracts
are particularly rich in a diverse range of bioactive compounds,
including vitamins, minerals, and antioxidants. In contrast, essential
oils primarily consist of volatile and aromatic compounds!'l. Due to
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the wide range of compounds, plant extracts are a rich source of
nutrients. These nutrients are beneficial for the health of the body
and have properties of the subject matter, including the enhance-
ment of the immune system, the reduction of inflammation, and
the improvement of brain function, whereas the essential oil may
contain some vitamins and minerals, but the concentration of these
substances is very low compared to plant extracts!*2. Finally, plant
extracts are recognized for their potential as valuable food supple-
ments, while essential oils are predominantly employed in the
realms of aromatherapy, and as additives in food products[*3,
Numerous plants possess antimicrobial and antioxidant proper-
ties attributed to the presence of bioactive compounds. The benefi-
cial effects of these compounds are primarily due to a diverse array
of phenolic molecules. These properties underscore the significance
of plant-derived substances in promoting health and wellness*4.,
Phenolic compounds encompass a variety of types, including
phenolic acids (such as rosmarinic acid, caffeic acid, and gallic acid),
phenolic diterpenes (like carnosol and carnosic acid), and flavonoids
(including quercetin, catechin, apigenin, naringenin, kaempferol,
and hesperetin). Moreover, volatile phenolic compounds, such as
carvacrol, thymol, eugenol, and menthol, are often found in essen-
tial oils and concentrated plant extracts. These compounds are
widely recognized for their antioxidant activity in eukaryotic sys-
tems; however, in microbial cells, certain polyphenols may exert
antimicrobial effects by disrupting the cell membrane and, under
specific conditions, promoting oxidative stress through the genera-
tion of reactive oxygen species (ROS)3., A defining characteristic of
phenolic compounds is their ability to inhibit or prevent the growth
of spoilage and pathogenic microorganisms while also reducing
oxidative reactions in food systems. The presence of hydroxyl (OH)
groups in phenolic molecules is essential for their antimicrobial
activity, and the number of OH groups on the phenolic ring signifi-
cantly affects the strength of this activity!*®l. The antimicrobial
mechanisms of polyphenol-rich extracts are complex and involve
several interrelated biochemical pathways: (1) Membrane disrup-
tion mechanisms: polyphenols, particularly flavonoids and phenolic
acids, exhibit the ability to integrate into bacterial lipid bilayers due
to their amphipathic nature. This integration disrupts the organiza-
tion of phospholipids, leading to membrane destabilization and
pore formation. Hydroxyl-rich polyphenols promote pore formation,
which enhances the passive diffusion of ions and antimicrobial
agents. Moreover, interactions with membrane-bound proteins may
lead to enzyme denaturation and membrane associated dysfunc-
tion. These effects are well-illustrated in Fig. 1. (2) Cytoplasmic leak-
age: membrane disruption leads to the uncontrolled leakage of
essential intracellular components such as potassium ions, nucleo-
tides, ATP, and amino acids. This causes osmotic imbalance, meta-
bolic collapse, and ultimately cell lysis. (3) Inhibition of energy
metabolism: damage to the cell membrane negatively impacts the
proton motive force (PMF), which is essential for ATP synthesis. Poly-
phenols disrupt membrane-associated enzymes, such as ATPases
and components involved in glycolysis, leading to a reduction in
ATP production. This depletion of energy hinders biosynthesis,
active transport, and cellular repair processes, ultimately contribut-
ing to cell death. (4) NADH oxidation interference and redox imbal-
ance: polyphenols can inhibit microbial respiration by directly block-
ing NADH dehydrogenase or by disrupting the intracellular redox
balance. This disruption results in an accumulation of NADH, a
decrease in the availability of NAD+, and a disturbance in the elec-
tron transport chain (ETC). Consequently, oxidative phosphoryla-
tion is compromised, leading to reduced energy production and
increased oxidative stress due to the buildup of reactive oxygen
species (ROS)“71. This mechanism is briefly presented in Fig. 2.
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Table 1. Classification of natural bioactive compounds and investigation of their properties and functions.
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Compound Origin Preservation activity Active ingredient Effective dose Toxicity dose Ref.
Bay leaf (EO) Plant-based Antimicrobial, and Eucalyptol, Pinene, 0.19/100g ND [14]
antifungal activity Eugenol, Myristicin
Vervain (EO) Plant-based Antimicrobial, and Terpenes, Linalool, 1 mg/mL ND [14]
Antioxidant activity Pinene, Flavonoids
Satureja horvatii  Plant-based ~ Antimicrobial, and Carvacrol, Thymol, 10 and 20 mg/mL ND [14]
antioxidant activity Linalool, Pinene
Parsley (EO) Plant-based Antimicrobial, and Myristicin, Apiole, 1%-3% (w/w) ND [15]
antifungal activity a-Pinene, D-Limonene,
Alkyltetramethoxybenzene,
Elemicin
Sumac (Rhus Plant-based Antimicrobial and Tannins, Flavonoids, - Bacteria: E. coli: MIC = 0.585 mg/mL, ND [16]
coriaria) antifungal activity Organic acids, Catechin MBC = 0.625 mg/mL;
P. aeruginosa: MIC = 0.877 mg/mL,
MBC=1.316 mg/mL;
B. subtilis: MIC = 0.260 mg/mL,
MBC =0.310 mg/mL;
S. aureus: MIC = 0.39 mg/mL,
MBC = 0.39 mg/mL.
- Fungi: Penicillium spp.: MIC =
2.5 mg/mL, MFC = 4.444 mg/mL;
Aspergillus niger: MIC = 1.975 mg/mL,
MFC=25v
Rosemary Plant-based ~ Phenolic compounds Rosmarinic acid, - Bacteria: E. coli: MIC = 2.5 mg/mL, ND [16]
(Rosmarinus (Rosmarinic acid, Carnosic  terpenoids, flavonoids MBC =2.962 mg/mL;
officinalis) acid, flavonoids) P. aeruginosa: MIC = 2.962 mg/mL,
MBC = 4.444 mg/mL;
B. subtilis: MIC = 1.25 mg/mlL,
MBC = 1.975 mg/mL;
S. aureus: MIC = 1.316 mg/mL,
MBC = 2.5 mg/mL.
- Fungi: Penicillium spp.: MIC =
6.666 mg/mL, MFC = 10 mg/mL;
Aspergillus niger: MIC = 5 mg/mL,
MFC =10 mg/mL
Tamarind Plant-based Antimicrobial, and Polyphenols, Organic - Bacteria: E. coli: MIC = 0.625 mg/mL, ND [16]
(Tamarindus antifungal activity acids, flavonoids MBC = 0.877 mg/mL;
indica) P. aeruginosa: MIC = 1.316 mg/mL,
MBC = 1.975 mg/mL;
B. subtilis: MIC = 0.39 mg/mL,
MBC =0.39 mg/mL;
S. aureus: MIC = 0.625 mg/mL,
MBC = 1.25 mg/mL.
- Fungi: Penicillium spp.: MIC = 2.962
mg/mL, MFC = 4.444 v;
Aspergillus niger: MIC = 2.5 mg/mL,
MFC = 4.444 mg/mL
Lemon (Citrus Plant-based Antimicrobial, and Limonene, flavonoids, - Bacteria: E. coli: MIC = 1.25 mg/mL, ND [16]
limon) antifungal activity citric acid MBC = 1.316 mg/mL;
P. aeruginosa: MIC = 1.975 mg/mL,
MBC = 2.5 mg/mL; B. subtilis: MIC =
0.585 mg/mL, MBC = 0.625 mg/mL;
S. aureus: MIC = 0.877 mg/mL,
MBC = 1.975 mg/mL.
- Fungi: Penicillium spp.: MIC > 10
mg/mL, MFC > 10 mg/mL;
Aspergillus niger: MIC = 6.666 mg/mL,
MFC =10 mg/mL
Coffee (extract)  Plant-based Antimicrobial, and Fatty acids, flavonoids, 0.1%-0.2% (w/w) ND [17]
antifungal activity terpenoids, caffeine
Green coffee Plant-based  Antifungal and Menthol, eugenol Menthol: 400 pg/ml (complete ND [18]
beans antimicrobial activity inhibition), 300 png/ml (9.33% spore
reduction);
Eugenol: 300 pg/ml (complete
inhibition), 200 png/ml (5.66% spore
reduction)
Pomegranate Plant-based  Antioxidant activity, Phenolics, flavonoids, 10 mg/g ND [18]
Peel (powder) antifungal inhibition, tannins
texture improvement
Garlic (extract) Plant-based Antimicrobial, and Allicin, flavonoids 0.5% v/v (in the optimized > 5,000 mg/kg [19,20]
antioxidant activity chitosan/starch coating) body weight
Dill (Anethum Plant-based  Antimicrobial, and Monoterpenes, 0.075-0.15 pul/g ND [21]
graveolens L.) antioxidant activity coumarins, flavonoids
(extracts)
Cinnamon (Eo) Plant-based Antimicrobial, and Cinnamaldehyde, eugenol, MIC < 1.5 mg/mL (bacteria), 3.125 ND [22,23]
antioxidant activity and carvacrol polyphenols  plL/mL (fungi)
Celery (EO) Plant-based  Antioxidant, antimicrobial, Limonene, terpenes, MIC: S. aureus: 11.25 + 1.00 mg/mL; ND [24]

antifungal

phenolic compounds

B. subtilis: 5.26 + 2.65 mg/mL;
C. albicans: 3.75 + 0.00 mg/mL
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Table 1. (continued)

Compound Origin Preservation activity Active ingredient Effective dose Toxicity dose Ref.
Grape Seed Plant-based  Antioxidant, antimicrobial, Flavonoids, polyphenols 2-4 g/kg (safe in animal studies) 100-500 pg/mL  [25,26]
Polyphenolic free radical scavenging (pro-oxidant &
Extract (GSPE) cytotoxic

effects in vitro)
Limonene Plant-based Antimicrobial, antioxidant, Terpene (monoterpene) 0.002 mL/100 g 2.5 mg/kg/day [25,26]
flavor enhancement (reference
dose), 250
mg/kg/day
(NOAEL), 1.48
mg/kg/day
(systemic
exposure dose)
Green Tea Plant-based  Antioxidant, antimicrobial, Polyphenols (Catechins, < 800 mg/day (mild side effects at 50-800 mg/kg [27,28]
metal ion chelation epigallocatechin) higher doses) (cytotoxic in
animals,
hepatotoxicity
in humans at
140-1,000
mg/day)
S.angustifolium  Marine-based - Antioxidant activity; Tannins, saponins, sterols, MIC (aqueous extract): S. typhimurium: ND [29]
-Antimicrobial activity triterpenes, bioactive 551.03 pg/mL; E. coli: 610.03 pg/mL;
proteins S. aureus: 813.53 pg/mL; S. mutans:
745.60 pg/mL.
MIC (ethanolic extract): S. typhimurium:
52 pg/mL; E. coli: 51.80 ug/mL; S. aureus:
611.73 ng/mL; S. mutans: 440.27 pg/mL
S. platensis Marine-based - Antibacterial activity; Bioactive compounds, ND ND [30,31]
- Inhibition of bacterial organic nanodots (ND)
biofilm formation
Marine Algae: Marine-based - Inhibition of food- - Alkaloids, ND ND [32]
Red algae: spoiling bacteria; - Polyketides,
Laurencia, E. - Antimicrobial properties; - Cyclic peptides,
cava, E. - Antioxidant effects; - Polysaccharides,
stolonifera, E. - Biofilm formation - Phlorotannins,
kurome, E. prevention; - Diterpenoids,
bicyclis, I. - Reduction of oxidative - Sterols,
okamurae, stress in food - Quinones,
Thunbergii, H. - Lipids,
fusiformis, U. - Glycerols,
pinnatifida, - Flavonoids (rutin,
Laminaria; quercetin, kaempferol)
Brown algae:
Japonica;
Green algae: C.
humicola
Padina sp. Marine-based Inhibits bacterial growth  Steroids, terpenoids, Inhibition zone (19.00-26.00 mm) ND [2]
by disrupting cell wall eicosanoid acid
integrity, increasing
membrane permeability,
and interfering with
nutrient transport.
Halimeda Marine-based Damage bacterial cell Flavonoids, terpenoids, Inhibition Zone (18.50-26.50 mm) ND [2]
opuntia membranes, inhibit cellular steroids
respiration, and disrupt
metabolic pathways
Sargassum Marine-based Produces antimicrobial Flavonoids, alkaloids, Inhibition zone (20.00-27.00 mm) ND [2]
horneri agents that impair terpenoids
bacterial cell wall
synthesis, alter cell
morphology, and prevent
nutrient uptake.
Sargassum Marine-based Acts through the Steroids, flavonoids, Inhibition zone (19.00-25.00 mm) ND [2]
crassifolium disruption of cell eicosanoid acid
membrane integrity and
inhibition of bacterial
enzymes, leading to cell
death.
Galaxaura rugosa Marine-based Employs flavonoids and Alkaloids, terpenoids, Inhibition zone (18.00-24.00 mm) ND [2]
terpenoids to destabilize  eicosanoid acid
bacterial cell membranes,
reduce permeability, and
inhibit essential cellular
functions.
Caulerpa Marine-based Inhibition of cell wall Flavonoids, steroids, amino  Inhibition zone: S. aureus: ND [4]

lentillifera

integrity, increased cell
membrane permeability

acids (glutamic acid,
aspartic acid, alanine)

1.15 % 1.626 mm (24h);
E. coli:0.95 + 0 mm (48 h)
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Table 1. (continued)

Compound Origin Preservation activity Active ingredient Effective dose Toxicity dose Ref.
Caulerpa Marine-based Inhibition of cell wall Flavonoids, steroids, amino  Inhibition Zone: ND [4]
racemosa integrity, increased cell acids (glutamic acid, S. aureus: 0.66 = 0 mm (48 h);

membrane permeability ~ aspartic acid, alanine) E. coli: 0.95 £ 0 mm (48 h)
Postbiotics In-situ- - Inhibition of spoilage Peptides: vitamins (B-group 10 mg to 1 g per day ND [33-36]
produced- microorganisms; vitamins); Polysaccharides:
based - Antimicrobial properties; short-chain fatty acids
- Improvement of (SCFAs) (acetate, butyrate,
nutritional value propionate); Coenzymes:
reactive oxygen species
(ROS)
Maillard reaction In-situ- Antioxidant properties Melanoidins: Amadori 12.3 g/kg (BW) >15.09/kg  [37,38]
products (MRPs) produced- free radical scavenging compounds, Furans and (BW)
based prevention of oxidative furanones, Pyrroles and
degradation pyrrolines
ntimicrobial activity
Cyanobacters
AeruginazoleA  Marine-based Antibacterial activity Cyclic peptide MIC =2.2 ng/mL ND [39]
Aeruginazole DA Marine-based Antibacterial activity Cyclic peptide DIZ7 mm at 25 pug ND [39]
1497
Anachelin H Marine-based Antibacterial activity Depsipeptide MIC =32 ng/mL ND [39]
Antillatoxin B Marine-based Antibacterial activity Lipopeptide MICs = 250 ng/mL ND [39]
grunfjvécamides A, Marine-based Antibacterial activity Cyclic peptide 1C50=7.3-8 uM ND [39]
, an
Kawaguchipeptin Marine-based Antibacterial activity Cyclic peptide: MIC=1 pg/mL ND [39]
B undecapeptide
Laxaphycin A Marine-based Antibacterial activity Lipopeptide MIC = 250 ug/mL ND [39]
Lyngbyazothrins Marine-based Antibacterial activity Cyclic peptide: DIZ 8 mm at 100 pg ND [39]
mixture A/B undecapeptide
Lyngbyazothrins Marine-based Antibacterial activity Cyclic peptide: lipopeptide, DIZ 15-18 mm at 100-125 ug ND [39]
mixture C/D undecapeptide
Microcystin Marine-based Antibacterial activity Cyclic peptide: heptapeptide DIZ 10.5-14.0 mm ND [39]
Muscoride A Marine-based Antibacterial activity Linear DIZ 3-6 mm ND [39]
Pahayokolide A Marine-based Antibacterial activity Cyclic lipopeptide MIC 5.5-10 pg/mL ND [39]
Pitipeptolides A-F Marine-based Antibacterial activity Cyclic depsipeptide DIZ 40 mm at 100 pg/disk ND [39]
Schyzotrin A Marine-based Antibacterial activity Cyclic lipopeptide DIZ 15 mm at 6.7 nM ND [39]
Scytonemin A Marine-based Antibacterial activity Lipopeptide MIC 1 mg/mL ND [39]
Trichormamide C  Marine-based Antibacterial activity Cyclic lipopeptide MIC 23.8 ng/mL ND [39]
Tiahuramide C Marine-based Antibacterial activity Cyclic depsipeptide MIC 6.7 uM ND [39]
Portoamides Marine-based Antibiofilm activity Cyclic peptides 21%-23.3% inhibition at 6.5 uM ND [39]

MIC: minimal inhibitory concentration; DIZ: diameter inhibition zone (mm); ND: Not determined.

Polyphenols are widely acknowledged for their powerful antioxi-
dant properties, primarily due to their ability to scavenge reactive
oxygen species (ROS). They play a crucial role in modulating oxida-
tive stress by neutralizing free radicals, inhibiting radical-generating
pathways such as NADPH oxidase activity, and transforming ROS
into harmless molecules like water. Furthermore, polyphenols may
regulate cellular redox homeostasis through interactions with
microRNAs (miRNAs), and related molecular signaling pathways
(Fig. 3)1261,

Walnut

Walnut (Juglans regia L.) is a significant crop cultivated globally,
recognized for its valuable nutritional benefits and broad consumer
appeal. The green husk of the walnut, which is a byproduct of the
harvesting process, is regarded as a cost-effective source of pheno-
lic compounds. Moreover, walnut extract effectively combats a
broad spectrum of microorganisms due to its antimicrobial poten-
tial, including Staphylococcus aureus, Bacillus cereus, E. coli, and
Salmonella typhimurium. These findings highlight the potential
application of walnut extract as a natural antioxidant and antimicro-
bial agent in food products!“él. Fungal pathogens represent a signifi-
cant threat to global food security, adversely affecting crop yields.
The dependence on synthetic fungicides raises concerns regard-
ing environmental pollution and the risk of developing fungal
resistance. There is a rising interest in examining natural alterna-

Malek & Moslemi Food Materials Research 2025, 5: €019

tives as a consequence of recent developments with antifungal
properties#9, A study on walnut bark extracts demonstrated that
the methanolic extract exhibited notable antifungal activity against
Aspergillus niger. The acetonic extract was effective in inhibiting the
growth of A. alternata, while the chloroform extract proved effec-
tive against T. virens and F. solanit>>1, Additionally, the researchers
reported that both the methanolic and chloroform bark extracts
completely inhibited the mycelial growth of G. candidum on citrus at
a concentration of 10% (w/v). Moreover, their research revealed that
an in vitro tannic extract derived from walnut leaves displayed
strong antifungal activity against A. terreus, A. ochraceus, and A.
brasiliensis, achieving an inhibition percentage of 77% at a concen-
tration of 40 mg/mL, while also demonstrating a 45% inhibitory
effect against A. alternata®'\,

Trachyspermum ammi

Trachyspermum ammi, a fruit from the Umbelliferae family, is com-
monly found in grain farms throughout Central Europe and Asia,
particularly in India and Iran. In Iran, it thrives mainly in the eastern
regions of the Sistan and Balouchestan provinces. This plant exhibits
a range of beneficial biological properties, including antiviral, anti-
inflammatory, antifungal, antipyretic, antifilarial, analgesic, anti-
nociceptive, and antioxidant activities. Furthermore, studies have
shown that the essential oil of Trachyspermum ammi effectively
inhibits various bacterial strains, including B. subtilis, S. aureus, E. coli,
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Fig.2 Schematic representation of the antimicrobial mechanisms of polyphenolic compounds.

and K. pneumoniae. Notably, research conducted by Jebeli Javan
and colleagues demonstrates that a chitosan-based coating infused
with Trachyspermum ammi essential oil effectively reduces meso-
philic bacterial growth on the surface of chicken fillets, thereby
prolonging their shelf lifel’l.
Thyme

Thyme is a remarkable herb from the Lamiaceae family, encom-
passing several species that can be found in Iran. These species
are associated with various health benefits, including antimicrobial,
antioxidant, and anti-inflammatory properties in humans. Such
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effects are attributed to the aromatic compounds present in the
herb!“%, Research by Jannatiha et al. indicates that the essential oils
(EOs) derived from thyme, which contains phenolic compounds like
thymol and carvacrol, exhibit antimicrobial activity against a range
of bacteria, including S. aureus, B. cereus, E. coli, P. aeruginosa, and
S. enteritidis. This antimicrobial efficacy can significantly extend the
shelf life of meat and meat products. Furthermore, these essential
oils demonstrate the ability to protect meat from ROS, thereby miti-
gating oxidative damage and contributing to improved longevity of
meat products!*2,
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Fig. 3  Antioxidant mechanisms of polyphenolic compounds: poly-
phenols play a significant role in reducing oxidative stress by neu-
tralizing reactive oxygen species (ROS) and maintaining redox balance.
They serve as electron donors, effectively scavenging free radicals,
including superoxide anions (O,7), hydrogen peroxide (H,0,), and hy-
droxyl radicals (OH+). Moreover, polyphenols influence cellular defense
mechanisms by regulating the expression of microRNAs (miRNAs)
and enhancing the activity of antioxidant enzymes and detoxification
systems. Collectively, these actions protect essential cellular com-
ponents such as DNA, RNA, proteins, and lipids from oxidative damage,
thereby slowing the aging process and diminishing the risk of chronic
diseases, including cardiovascular and neurodegenerative disorders.

Camellia sinensis

Camellia sinensis, known as green tea, and Hibiscus sabdariffa,
commonly referred to as sour tea, serve as popular food ingredients
beyond their traditional use in infusions. It is estimated that approxi-
mately 4.2% of all beverages consumed worldwide, especially in
Asia, are derived from green tea. The leaves of Camellia sinensis are
unfermented, which allows them to retain high concentrations of
natural antioxidants, particularly catechins, with epigallocatechin
gallate being the most prominent(?”l, Green tea is known for its
effectiveness in inhibiting the metabolism and growth of various
bacteria. Research has demonstrated that its extracts can suppress
the growth of pathogens such as L. monocytogenes, E. coli, and
S. typhimurium. Additionally, green tea contributes to oral health by
reducing the presence of harmful bacteria. This benefit likely arises
from its components binding to microbial cell walls, thereby hinder-
ing their ability to adhere to dental surfaces!28.. Furthermore, green
tea is commonly incorporated into energy drinks and is utilized
in weight loss programs for obese individuals. This process assists
in reducing LDL cholesterol levels by promoting thermogenesis
through noradrenaline and inhibiting the gene associated with
the production of fatty acid synthasel52.. Hibiscus sabdariffa extract
offers a variety of health benefits. It has demonstrated anticancer
properties by disrupting enzymatic metabolism and inducing apop-
tosis. Additionally, it can reduce serum lipid levels through lipase
inactivation and exhibits antimicrobial activity, attributed to its
phenolic compounds that disrupt cell permeability. Both green tea
and Hibiscus sabdariffa extracts have shown significant antimicro-
bial effects against E. coli and S. aureus(?8l. Moreover, the acidic
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nature and high ascorbic acid content of Hibiscus sabdariffa extract
enhance the availability of minerals, particularly iron, thereby estab-
lishing it as a valuable dietary source of this essential mineral(27],

Cumin

Cumin, scientifically classified as Cuminum cyminum L., belongs to
the Apiaceae family and is native to the Mediterranean regions.
This highly regarded spice boasts a rich history of use across the
globel'", It is characterized by its robust, slightly bitter, and pungent
flavor. Beyond its culinary applications, cumin is also celebrated
for its medicinal properties, which encompass anti-inflammatory
effects, diuretic functions, and relief from gastrointestinal discom-
fort, including gas and muscle spasms. Historically, this substance
has been utilized to address various ailments, including indigestion,
jaundice, diarrhea, and flatulence. It also possesses antiseptic and
antihypertensive properties>3l. Recent studies have demonstrated
that essential oil derived from Cuminum cyminum L. exhibits notable
antibacterial efficacy against several foodborne pathogens, includ-
ing B. cereus, S. aureus, S. typhi, and E. coli. Additionally, investiga-
tions into the antifungal properties of this essential oil reveal
that concentrations of 750 pL/L and above are highly effective in
completely inhibiting the mycelial growth of three significant
postharvest fungal pathogens: Botrytis cinerea, Penicillium expansum,
and Aspergillus niger. These findings indicate that cumin essential
oil may represent a promising natural and potentially more sus-
tainable alternative to synthetic preservatives in various food
applications!®3.11,

Caraway seeds (Carum carvil.)

Caraway seeds (Carum carvi L.) are celebrated for their aromatic
properties and have a rich history of use as both a spice and a
medicinal herb in Asia, Africa, and Europe. Extensive scientific
research has identified a variety of bioactive compounds within
caraway, which contribute to its wide range of pharmacological
effects, including antimicrobial, anticancer, antioxidant, hypolipi-
demic, antidiabetic, analgesic, diuretic, gastrointestinal, and bron-
chial relaxant activities®>3l. The antibacterial activity of caraway
essential oil is especially pronounced against biofilms associated
with Gram-positive bacteria, surpassing its effectiveness against
Gram-negative bacteria. Furthermore, the essential oils derived
from caraway seeds exhibit notable antifungal properties against
Aspergillus flavus and have shown potential in inhibiting aflatoxin
production. These characteristics render caraway a promising candi-
date for consideration as a food preservativel54,

Banana

The banana belongs to the Musaceae family and is esteemed as
a valuable medicinal plant, boasting hundreds of varieties. Banana
peel is particularly noteworthy for its significant health benefits,
including anti-cancer, antimicrobial, antidiabetic, and antimuta-
genic properties. The antimicrobial effectiveness of banana peel
extracts can be primarily attributed to the presence of compounds
such as phenolics, flavonoids, saponins, carotenoids, and steroids.
These extracts have the capability to act as natural antimicrobial
agents, inhibiting the growth of harmful microorganisms such as
B. subtilis, S. typhimurium, E. coli, and S. aureus. This potential not
only addresses food safety challenges, but also offers a wide range
of additional health benefitsk.

Olive leaf extracts (OLE)

Olive leaf extracts (OLE) are acknowledged as a valuable natural
source of phytochemicals, particularly phenolic compounds such as
tyrosol and oleuropein, as well as phenolic acids. OLE is recognized
for its dual role as a natural antioxidant and an effective antimicro-
bial agent. The phenolic compounds found in OLE are effective in
inhibiting the growth, proliferation, and enterotoxin production of
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bacteria, including S. aureus, E. coli, and S. typhimurium. Further-
more, the incorporation of OLE has the potential to significantly
enhance the quality of meat products while also extending their
shelf lifel>8],

Clove, sage, and kiwi fruit

Among various plants, clove, sage, and kiwi fruit are notable for
their dual antioxidant and antimicrobial functions, enhancing their
role as natural preservatives. Notably, clove is distinguished by its
high concentration of phenolic compounds, enhancing its preserva-
tive capabilities, which contribute to its potent antioxidant and
antimicrobial effects. Sage is acknowledged for its diverse biological
activities resulting from its unique chemical composition. Originally
native to Asia, kiwi fruit is now popular worldwide for its sensory
qualities and nutritional benefitsk”l. Research by Abdel-Wahab et al.
has shown that clove extract possesses antimicrobial activity against
several microorganisms, including the Gram-negative bacterium of
E. coli, the Gram-positive bacterium of S. pyogenes, and the Candida
albicans yeast, demonstrating moderate efficacy against S. aureus
and B. cereus. Specifically, clove exhibits a strong bactericidal effect
against E. coli, S. aureus, and B. cereus at a concentration of 3%[58],
Kiwi fruit peels also exhibit notable antibacterial properties, with a
minimum inhibitory concentration (MIC) of 12.5 mg/ml against
both E. coli and S. pyogenes, 75 mg/ml against Salmonella, 50 mg/ml
against S. aureus and B. cereus, and 12.5 mg/ml against C. albicans.
The aqueous extract of sage demonstrates comparable anti-
microbial effects, inhibiting E. coli and S. pyogenes with an MIC of
50 mg/ml, though it is less effective against S. aureus, B. cereus,
S. typhi, and C. albicans, which have an MIC of 75 mg/ml. In contrast,
a mixture of these extracts shows the highest antimicrobial activity,
effectively inhibiting the growth of S. aureus, S. pyogenes, E. coli,
and B. cereus with an MIC of 12.5 mg/ml. This mixture also affects
Salmonella, with an MIC of 25 mg/ml(58],

Other than the plants addressed in this section, there are several
herbal medicines with dramatic health-promoting properties in
the world. These sources are primarily rich in polyphenols, which
possess antimicrobial and antioxidant properties, making them pro-
mising options for developing functional foods that offer improved
nutritional and health benefits. The antimicrobial, antioxidant,
and anti-inflammatory characteristics of plant-derived compounds
make them highly effective candidates for use as natural preserva-
tives. Their diverse benefits underscore the potential for harnessing
these compounds in various applications. By carefully selecting
and combining herbal extracts, food manufacturers can create
novel functional foods that meet the demands of health-conscious
consumers.

Hydrocolloids-based preservatives

Hydrocolloids are water-soluble polymers that can form gels or
highly viscous solutions when dissolved in water. These com-
pounds, often derived from plant sources, have the ability to retain
water and create a gel-like structure, making them valuable in vari-
ous applications, including food, pharmaceuticals, and cosmetics!>9l.
Hydrocolloids of plant origin can be classified into three main
groups based on their source and function. The first group includes
plant exudates, such as arabic gum and tragacanth gum (TG), which
are protective substances that cover wounds created on plants. The
second group comprises storage polysaccharides, such as guar gum
and locust bean gum, which are found in the seeds of plants, and
serve as energy reserves. The third group consists of derivatives of
land plants and seaweed, such as pectin, agar, carrageenan, and
alginate, which are primarily used as structuring materials in various
applications©®61], The chemical structure of these hydrocolloids is
presented in Fig. 4.
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Arabic gum

Hydrocolloids derived from plants, such as arabic gum, are neutral
or slightly acidic salts composed of complex polysaccharides and are
widely used as food additives in various industries. Extracted from
the Acacia Senegal tree, arabic gum is recognized for its excellent
emulsifying properties and stands out as one of the most soluble
and least viscous members of the hydrocolloid family. It serves vital
functions in emulsification, film production, and encapsulation®,
Recent studies have demonstrated the efficacy of edible coatings
based on arabic gum in preserving horticultural products by signifi-
cantly reducing microbial spoilage and enhancing postharvest qual-
ity. Research conducted by Tiamiyu et al. indicates that films
composed of arabic gum, particularly those enriched with active
antimicrobial agents, effectively suppress microbial decay in fresh
producel®263], Additionally, these coatings have been successfully
applied to a diverse range of fruits, including tomatoes, bananas,
sweet cherries, mangoes, and Ponkan mandarins. The application of
arabic gum coatings has been shown to minimize weight loss, main-
tain firmness, and sustain antioxidant activity during storagel®2.
These findings position arabic gum as a multifunctional and promis-
ing natural polymer for the development of eco-friendly food
preservation systems.

Tragacanth gum (TG)

Tragacanth gum (TG) is a well-known and abundant secretory
gum that can be obtained naturally or harvested by scraping the
bark of various species of Astragalus. This natural polysaccharide is
non-toxic and safe for consumption, maintaining stability across a
wide pH range. It is predominantly found in the mountainous and
semi-desert regions of Iran and other Asian countries®4. For many
years, TG has been recognized as an approved food additive by both
the European and American Scientific Committees on Food. It is
widely utilized around the globe as a thickener, stabilizer, emulsifier,
fat substitute, and binding agent in food and pharmaceutical prod-
ucts. In addition, TG possesses natural antimicrobial and antioxidant
properties, which enhance the shelf life and quality of edible mush-
rooms. Studies indicate that TG can extend the shelf life of apricots
and preserve the storage quality of tomatoes. Its coating properties
also offer a promising solution for prolonging the shelf life of bell
peppers!©3],

Guar gum

Guar gum is a dietary fiber extracted from the seeds of the guar
plant, mainly cultivated in India. It is well known for its water-
soluble properties, which allow it to form hydrogen bonds with
water molecules. This distinctive feature makes guar gum a valu-
able ingredient in a variety of applications. Consequently, it can pro-
duce a gel and enhance the viscosity of products®®l. In addition to
increasing viscosity, emulsification, stabilization, solubility in cold
water, tolerance of a wide pH range and the formation of bio-
degradable films are many uses of guar gum. Thakur et al. con-
ducted a study on a versatile biopolymer nanohydrogel derived
from arabic and guar gum, enhanced with nanoparticles to extend
the shelf life of grapes. Their findings indicated that grapes coated
with the formulated hydrogel retained their physicochemical prop-
erties over a storage period of 10 d®’l. Therefore, this hydrogel
presents a promising option for scaling up as an effective natural
preservation system.

Locust bean gum (LBG)

LBG, also known as carob bean gum, is a natural polymer derived
from polysaccharides. It is primarily sourced from the carob tree
(Ceratonia siliqua L), a member of the Leguminosae (Fabaceae)
family that is widely cultivated in Mediterranean regions. LBG serves
as a valuable additive in a diverse array of products, particularly
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Fig.4 Chemical structure of hydrocolloids: (a) tragacanth gum, (b) agar, (c) carrageenan, (d) alginate, (e) guar, (f) arabic, (g) locust bean, and (h) pectin.

within the food industry. One of LBG's key characteristics is its abil-
ity to form hydrogen bonds with water molecules, which is vital for
various biomaterials. Furthermore, LBG possesses excellent film-
forming properties that are crucial for food packaging applications.
Composite films made from LBG are effective in enhancing the
shelf life and monitoring the freshness of fruits, meats, and other
processed foods. These films provide a semi-permeable barrier
that minimizes moisture migration, gas exchange, respiration, and
oxidative reactions, thus extending the overall shelf life of food
productsf©8l,

Pectin

Pectin is a plant-derived hydrocolloid extensively employed
across multiple industries, including food, pharmaceuticals, and
biopolymer based applications such as edible films and foams. Its
functional properties are largely attributed to its complex structural
and biochemical composition. Pectin is categorized into two distinct
types: high-methoxy (HM) and low-methoxy (LM). This classification
is based on the degree of esterification with methanol, which influ-
ences its functional properties, gelling behavior, and overall func-
tionalityl>l, The gelation mechanism of pectin is highly dependent
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on ionic interactions: HM pectin is capable of forming gels when
subjected to high sugar concentrations and acidic conditions,
whereas LM pectin relies on calcium ion (CaZ*)-mediated crosslink-
ing through an 'egg-box' model, where divalent cations bridge
between carboxyl groups of adjacent pectin molecules, leading to a
stable three-dimensional network. The structural diversity of pectin,
arising from its various functional groups and molecular modifica-
tions, allows for its broad applicability. This versatility is further
enhanced by its abundance, biocompatibility, non-toxicity, and
cost-effectiveness®9571, Pectin, derived mainly from apples and
citrus fruits, is recognized for its natural antimicrobial effects and has
been investigated as a complementary agent for managing bacte-
rial infections ., Additionally, pectin serves as an exceptionally
effective polymeric matrix for the formulation of edible films. These
films benefit from pectin's biodegradability, selective gas permeabil-
ity, and gel-forming capabilities, enabling the controlled release of
bioactive compounds!®?. A key benefit of antimicrobial edible films
is their ability to specifically target foodborne pathogens and inhibit
spoilage microorganisms on food surfaces. For instance, Espitia
et al. demonstrated that by incorporating oregano and cinnamon
essential oils into pectin-based edible films, their antimicrobial
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effectiveness against E. coli was significantly enhanced®, Recent
studies have demonstrated the effectiveness of pectin-based edible
coatings in enhancing the quality and extending the shelf life of
various fruits. For instance, one study showed that applying a 1%
pectin coating to fresh-cut melons, in combination with osmotic
dehydration using a sucrose solution containing calcium lactate,
significantly reduced the respiration rate and preserved sensory
attributes over a 14-d storage period at 5 °C79., Similarly, the appli-
cation of pectin coatings to strawberries effectively controlled
humidity loss, acidity, and color parameters throughout a 5-d stor-
age period”". In another investigation, composite coatings made
from pectin, corn flour, and beetroot powder successfully mini-
mized post-harvest decay and improved the sensory quality of
tomatoes’?. These findings underscore the potential of pectin as a
natural, biodegradable polymer for developing effective edible
coatings in fruit preservation.
Agar

Agar is a biopolymer and a natural polysaccharide derived from
red algae of the Rhodophyta class. It comprises two main compo-
nents: agarose, which has a linear structure, and agaropectin, which
possesses a branched configuration. The distinctive chemical struc-
ture of agar, along with its resistance to acids and its ability to form
stable gels even at low concentrations, makes it an incredibly valu-
able biopolymer with a variety of applicationsl’3. One significant
area of agar's application is in the food industry, where it acts as a
thickening agent and is also used in food packaging. However, agar-
based films often exhibit brittleness and possess limited mechanical
properties. Additionally, their hydrophilic nature makes them partic-
ularly sensitive to moisture, which can compromise their effective-
ness in high-moisture productsl’4. Agar forms a gel-like barrier
that restricts microbial growth and dissemination, contributing to its
antimicrobial functionality. The gel matrix possesses the capability
to impede the release of essential nutrients that are vital for
microbial growth. Furthermore, it may interact with microbial cell
membranes, leading to alterations in their permeability, which could
culminate in cell mortality. As a versatile and natural food additive,
agar provides valuable gelling and preservative properties. Its anti-
microbial effectiveness, along with its ability to form stable gels,
makes it an appealing alternative to synthetic preservatives. Agar
is strategically positioned to expand its applications within the
food industry, as there is a growing consumer demand for natural
and clean-label food productsl’4. Agar-based edible coatings have
demonstrated promising effectiveness in preserving the quality
and extending the shelf life of various fruits. For example, applying
a 2.0 g/L agar colloid coating to bananas significantly reduced
postharvest decay and weight loss, while also maintaining the firm-
ness of the fruit during storagel’>l.

Carrageenan

Carrageenan, which is extracted from red and purple seaweeds, is
a valuable ingredient in food products due to its exceptional gelling,
thickening, emulsifying, and stabilizing properties. Its versatility and
effectiveness make it an important component in various culinary
applications. It consists of polysaccharides that feature negatively
charged sulfate groups, allowing for its classification into three
types: kappa, iota, and lambdal’®l, These sulfate groups enable
carrageenan to interact electrostatically with the positively charged
components of bacterial cells, leading to the disruption of the cell
envelope's structural integrity. The disruption in question enhances
the permeability of the membrane, which subsequently results in
the leakage of cytoplasmic contents, the loss of ion gradients, and
the inhibition of vital cellular processes, such as nutrient transport
and ATP synthesisl’”], Beyond its gelling and stabilizing properties,
carrageenan enhances preservation by forming a gel-like matrix that
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hinders microbial migration and nutrient diffusion, thereby reinforc-
ing its antimicrobial role. For instance, research conducted by Lu
et al. demonstrated that kappa-carrageenan gel, when combined
with carvacrol and hydroxypropyl-$-cyclodextrin, effectively inhib-
ited S. aureus, reduced the incidence of strawberry rot, and pre-
served the fruit's firmness during storagel®l. Research has shown
that carrageenan is effective in improving the texture of yogurt
and preventing syneresis. For example, adding 0.2% carrageenan to
yogurt significantly reduces water separation during storage, while
enhancing the creaminess and stability of the product®2, While
carrageenan offers several benefits, it is important to note that some
studies have identified potential health concerns associated with
its use. These concerns include inflammation, glucose intolerance,
gastrointestinal issues, and the possibility of damage to the diges-
tive tract”8l. However, numerous animal studies have shown that
carrageenan does not exhibit toxic effects at doses up to 5% of the
diet, which is significantly higher than typical human consumption
levels. At such doses, the only observed effects were soft stools
or diarrhea, which are common side effects of non-digestible high
molecular weight compounds. In fact, studies have demonstrated
that even at doses as high as 1,000 mg/kg/day in animals, no signifi-
cant adverse health effects were noted, while typical human con-
sumption is estimated to be between 18-40 mg/kg/day. It is advis-
able to consider these findings when evaluating the safety of
carrageenan as a food additivel79,

Alginate

Alginate, an anionic polysaccharide from brown algae (Phaeo-
phyceae), is widely recognized for its inherent antimicrobial activity.
The ionic nature of alginate, attributed to a high concentration
of carboxylate groups, allows it to form strong interactions with
cationic molecules and microbial surfaces. These interactions dis-
rupt the ionic balance within microbial cell walls and membranes,
thereby compromising their structural integrity and functional
stability®, The antimicrobial action of alginate stems mainly from
its chelation of divalent cations such as calcium (Ca2*) and magne-
sium (MgZ*). These cations play a crucial role in maintaining the
stability of bacterial cell membranes. By binding to these cations,
alginate destabilizes the bacterial envelope, increases membrane
permeability, induces cytoplasmic leakage, and disrupts the proton
motive force, ultimately leading to cell death. Moreover, alginate
creates physical barriers on microbial surfaces, restricting nutrient
access and inhibiting metabolic activity®'l. In Gram-negative bacte-
ria, alginate interferes with the outer membrane by interacting with
lipopolysaccharides (LPS), destabilizing the membrane structure and
disrupting osmotic regulation. In Gram-positive bacteria, alginate
targets membrane-associated teichoic acids, the weakening of the
cell wall's structural integrity can result in cell lysist89. Studies indi-
cate that alginate films exert notable in vitro antimicrobial effects
against various pathogens such as E. coli, L. monocytogenes, and
L. innocua'®?, Alginate-based edible coatings have shown consider-
able effectiveness in enhancing the shelf life and preserving the
sensory quality of fresh-cut fruits. For example, the application of a
1.5% sodium alginate coating on fresh-cut apples significantly
reduces enzymatic browning and helps maintain firmness during
storagel®3l. In the dairy sector, alginate is utilized to improve the
viscosity and stability of yogurt. Specifically, the incorporation of
0.25% sodium alginate into stirred yogurt markedly increases its
viscosity and minimizes whey separation during refrigeration(®4,
This underscores the potential of alginate as a natural preservative
in food systems.

Hydrocolloids demonstrate considerable potential as natural
preservatives in functional foods. These compounds inhibit micro-
bial growth through a variety of mechanisms, such as creating
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physical barriers, modifying pH levels, altering redox potential,
reducing water activity, interacting with microbial biomolecules,
and changing the sensory properties of food. However, further
research is essential to gain a deeper understanding of the mecha-
nisms involved and the interactions among different hydrocolloids
and food components. Future studies should aim to explore the
synergistic effects of combining hydrocolloids with other natural
preservatives, as well as the development of hydrocolloids with
specifically tailored properties.

Marine preservatives

Bioactive peptides have gained substantial interest in recent years
because of their extensive range of health benefits. These benefits
encompass antioxidant, antimicrobial, antihypertensive, anti-inflam-
matory, and immunomodulatory properties. Among the various
types of seaweeds, brown seaweeds and their derivatives have
particularly stood out. These seaweeds are rich in sulfated carbohy-
drates known as fucoidan, which consists of galactose, xylose,
glucuronic acid, and fucosel®l.

Aquatic habitats are recognized as abundant sources of natural
bioactive compounds that provide a range of health benefits.
These benefits include cholesterol reduction, anti-inflammatory
effects, antiviral properties, cancer-fighting capabilities, antimicrobial
activity, antioxidant effects, and blood pressure reduction. The
antioxidant activity of compounds such as carotenoids, phenolics,
terpenoids, and sulfated polysaccharides derived from marine
sources can be attributed to their ability to scavenge superoxide
and hydroxyl radicals, chelate metal ions, quench both singlet and
triplet oxygen, and enhance reducing powerl°l,

Sargassum angustifolium

Sargassum angustifolium is a brown macroalga originating from
the Persian Gulf, recognized for its rich variety of bioactive com-
pounds, including tannins, saponins, sterols, and triterpenes. This
algal species holds promise for various applications due to its
diverse chemical profile. The extract from this alga has been intro-
duced into the food industry as a natural antioxidant to mitigate
oxidative damage and has also demonstrated antihypertensive
effects. Moreover, S. angustifolium is gaining attention as a rich
source of bioactive proteins with marked antimicrobial potential.
Notably, it has shown relatively low minimum inhibitory concentra-
tions (MICs) against several pathogens: S. typhimurium (551.03 and
52 pg/mL), E. coli (610.03 and 51.80 pg/mL), S. aureus (813.53 and
611.73 pug/mL), and S. mutans (745.60 and 440.27 pg/mL) for aque-
ous and ethanolic extracts, respectively29,

Microalga

Seaweeds are highly regarded for their numerous applications
in agriculture, pharmaceuticals, biomedicine, and nutraceuticals,
largely due to their wealth of vitamins and minerals. Among the
various genera of microalgae, Spirulina platensis, a blue-green
microalga from the cyanobacteria family, flourishes in temperate
waters around the globeB% A number of cross-sectional studies
indicate that blue-green microalgae have been utilized as dietary
supplements since ancient times, thanks to their high protein
content and nutritional benefits. Moreover, these microalgae are
known to produce novel and potentially valuable bioactive com-
pounds. Research by Pyne et al. has shown that extracts from
S. platensis effectively inhibit both gram-positive bacteria (such as
B. subtilis and S. aureus) and Gram-negative bacteria (including E. coli
and V. cholerae), as well as fungal contamination. Additionally, these
extracts have been found to prevent bacterial biofilm formation,
thereby extending the shelf life of beverages'l. The anti-biofilm
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activity of the seaweed extract from S. platensis primarily arises
from its ability to interfere with bacterial quorum-sensing pathways,
which are crucial for the initiation and development of biofilms.
Furthermore, the bioactive compounds present in seaweed extracts
such as phycocyanins, fatty acids, and polysaccharides, have demon-
strated the capacity to disrupt bacterial cell membranes, resulting in
increased permeability and leakage of intracellular contents. Their
antimicrobial effects are also associated with the inhibition of cell
wall biosynthesis, suppression of protein translation, and disruption
of essential metabolic processes within microbial cells. Collectively,
these mechanisms enhance the broad-spectrum antimicrobial and
anti-biofilm potential of compounds derived from seaweed!85],

Chitin and chitosan

Recent studies on chitin and chitosan have demonstrated signifi-
cant advancements in our understanding of their biological proper-
ties, underscoring important characteristics such as nontoxicity,
biocompatibility, biodegradability, and antibacterial efficacy. Chitin
is the second most abundant natural polysaccharide, following
cellulose. It is a hard and inflexible nitrogenous polysaccharide
found in the exoskeletons of insects, the shells of crustaceans, and
the cell walls of fungit?l. Chitosan, a cationic biopolymer, plays a
crucial role in food packaging due to its strong antimicrobial capac-
ity, which made it an essential component in food packaging. Its
positive charge promotes electrostatic interactions with the nega-
tively charged phospholipids in microbial cell membranes, leading
to membrane disruption and subsequent cell death. Additionally,
chitosan can chelate essential metal ions that are necessary for
microbial growth and form physical barriers that restrict microbial
access to food. These characteristics, coupled with its ability to
enhance food texture through interactions with proteins, render
chitosan an attractive natural preservative for extending the shelf
life of fruits and vegetables[>l.

Secondary metabolites of marine algae

Secondary metabolites produced by algae function as an essen-
tial defense mechanism, safeguarding them against pathogens,
predators, and various environmental stresses. Research has indi-
cated that these metabolites possess the ability to inhibit the
growth of bacteria responsible for food spoilagel®. Among the
secondary metabolites produced by marine algae are alkaloids,
polyketides, cyclic peptides, polysaccharides, phlorotannins, diter-
penoids, sterols, quinones, lipids, and glycerols. Noteworthy flavo-
noid compounds found in marine algae include rutin, quercetin,
and kaempferol, which can serve as effective natural food
preservativesl®7l, According to Manguntungi et al, Laurencia, a
group of red algae, produces secondary metabolites such as diter-
penes, sesquiterpenes, triterpenes, and C15-acetogenins. Brown
algae, including species like Ecklonia cava, Ecklonia stolonifera, Ecklo-
nia kurome, Eisenia bicyclis, Ishige okamurae, Sargassum thunbergii,
Hizikia fusiformis, Undaria pinnatifida, and Laminaria japonica, yield a
variety of beneficial compounds derived from phlorotannins, such
as phloroglucinol, eckol, and dieckol. Furthermore, bioactive
compounds from the green algae Chloroccocum humicola, which
include both nonpolar and phenolic compounds, exhibit antimicro-
bial properties against a range of bacteria, including B. subtilis,
S. aureus, E. coli, P. aeruginosa, S. typhimurium, K. pneumoniae, and
Vibrio choleral?.

Carrageenan

Carrageenan is a food-grade polymer that is extensively utilized in
the food industry. The three primary types of carrageenan: lambda
(A), kappa (x), and iota (1) are differentiated by the presence of
sulfate groups in their respective repeat units. This distinction plays
a critical role in their functional properties and applications within
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food products!®8l, The details regarding carrageenan are discussed
in the section on hydrocolloid-based preservatives.

Marine-based natural preservatives hold great promise for the
development of healthier and more sustainable food products.
Nevertheless, several challenges must be overcome. These include
variability in the concentration of bioactive compounds, the scala-
bility of extraction processes, and the potential for allergenic or
toxic effects. It is imperative to thoughtfully examine these factors.
Continued research in this field is essential for realizing the full
potential of marine resources in food preservation.

In-situ-produced preservatives

Postbiotics

The growing interest in functional foods has spurred significant
advancements in our understanding of probiotics and their deriva-
tives concerning human health. Among these derivatives, postbi-
otics have emerged as a noteworthy category due to their stability,
safety, and diverse applications. Postbiotics are bioactive com-
pounds generated during the metabolic processes of probiotic
microorganisms or released following their degradation. Unlike
probiotics, these substances do not require living organisms to
provide health benefits. In 2021, the International Scientific Associa-
tion for Probiotics and Prebiotics (ISAPP) defined postbiotics as 'a
preparation of inanimate microorganisms and/or their components
that confer a health benefit on the host'. This category includes a
wide variety of bioactive molecules, such as short-chain fatty acids
(SCFAs), peptides, polysaccharides, vitamins, lipids, and microbial
cell wall fragments, all of which contribute to various health-
promoting and functional properties3¢l. Postbiotics can be catego-
rized based on their structural and functional characteristics, allow-
ing for a clearer understanding of their roles and potential applica-
tions. Examples of these include structural components such as
peptides, teichoic acid, and plasmalogens; carbohydrates and pro-
teins like p40 and p75 molecules; B-group vitamins; and organic
acids, including lactic acid, acetic acid, and 3-phenylacetic acid.
Complex molecules, such as lipoteichoic acids and muropeptides
derived from peptidoglycan, are noteworthy examples in the con-
text of food systems. These compounds are typically generated
during fermentation processes within food matrices, providing a
viable and sustainable approach for enhancing food quality and
safety!®l, Incorporation of postbiotics into fermented dairy prod-
ucts such as yogurt and kefir has been shown to improve mucosal
immunity and enhance gut barrier integrity, offering tangible health
benefits beyond basic nutrition®, Similarly, postbiotic extracts
derived from Lactobacillus strains have been successfully utilized in
processed meat products to extend shelf life, reduce lipid oxidation,
and inhibit pathogenic bacteria, demonstrating their value as multi-
functional bio-preservatives in clean-label formulations®'. In food
applications, postbiotics fulfill a range of important functions. Short-
chain fatty acids (SCFAs), including acetate, butyrate, and propi-
onate, play a critical role in promoting gut health, regulating intesti-
nal pH, and enhancing the nutritional profile of foods. Furthermore,
organic acids such as lactic and acetic acid serve as natural preserva-
tives. They effectively lower pH levels, inhibit spoilage microorgan-
isms, and thus extend the shelf life of food products. Moreover,
enzymes derived from postbiotics, like proteases and lipases,
improve nutrient bioavailability and facilitate the digestion of
complex molecules. Components such as peptidoglycans and
exopolysaccharides provide immunomodulatory effects and en-
hance food texture, while vitamins and antioxidants associated with
postbiotics bolster the nutritional profile and help prevent oxidative
degradation of food. Furthermore, postbiotics exhibit considerable
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potential in food packaging applications®'l. These properties play a
crucial role in managing food quality and mitigating the growth of
pathogens and spoilage microorganisms. They offer a natural and
environmentally sustainable alternative to synthetic preservatives,
which are frequently linked to detrimental environmental effects.

Bacteriocins

In addition to well-characterized postbiotics, the food industry
also benefits from a broader range of microbial-derived compounds
with preservative potential. Among these, bacteriocins ribosomally
synthesized antimicrobial peptides produced by certain bacteria,
have garnered considerable interest due to their efficacy and safety.
Notable examples, such as nisin, pediocin, and natamycin, are
widely applied in various food systems and deserve special atten-
tion in this context. Bacteriocins are a diverse group of ribosomally
synthesized antimicrobial peptides produced by various bacteria,
particularly lactic acid bacteria (LAB). These compounds have gained
substantial attention due to their natural origin, specificity, and
effectiveness in food preservation systems. Unlike postbiotics, which
are typically metabolic byproducts, bacteriocins act through well-
defined mechanisms, primarily by permeabilizing the target cell
membrane, forming pores, or inhibiting key biosynthetic pathways.
Nisin, produced by Lactococcus lactis, is the most widely studied
and applied bacteriocin, known for its broad-spectrum activity
against Gram-positive bacteria, including Listeria monocytogenes. It
is approved by major regulatory authorities such as the FDA and
EFSA for use in various food matrices®2. Another well-characterized
bacteriocin, Pediocin PA-1, derived from Pediococcus acidilactici, has
demonstrated potent antilisterial activity, particularly in refriger-
ated and minimally processed foods!3l. Furthermore, natamycin,
although not a bacteriocin but rather a polyene antifungal com-
pound produced by Streptomyces natalensis, is often discussed
alongside these antimicrobials due to its natural origin and wide-
spread use in inhibiting yeast and mold growth on dairy and baked
productst®4. Collectively, these microbial metabolites offer promis-
ing alternatives to synthetic preservatives, especially in the context
of clean-label product development and consumer demand for
natural food additives.

Maillard reaction products (MRPs)

The oxidative deterioration of lipids poses a significant challenge,
leading to undesirable changes in the flavor, taste, and appearance
of food, ultimately reducing its shelf life. Maillard reaction products
(MRPs), formed during heating, represent another category of in-situ
preservatives that exhibit considerable potential for both antioxi-
dant activity and emulsifying properties. MRPs result from the glyca-
tion of amino compounds with reducing sugars, which modifies
protein structures to expose hydrophobic groups. These hydro-
phobic groups are drawn to the oil-water interface, while the
hydrophilic sugar moieties extend into the continuous water phase,
effectively creating a physical barrier that helps prevent droplet
aggregation. Additionally, MRPs possess the ability to bind metal
ions and scavenge free radicals, thereby enhancing the oxidative
stability of emulsionsB8l, Recent studies have focused on the
antioxidant, antimicrobial, and anti-inflammatory properties of
melanoidins as functional food ingredients. MRPs exhibit antioxi-
dant activity through various mechanisms, including the scaveng-
ing of free radicals (such as hydroxyl, superoxide, and peroxyl radi-
cals), chelation of metal ions, and interruption of radical chain
reactions!l. The notable reducing activity of MRPs can be attri-
buted to several factors: (1) the Maillard reaction modifies protein
structures to expose specific amino acids (such as tryptophan,
tyrosine, and methionine) with electron-donating capabilities;
(2) Amadori products generated in the initial stages, along with
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hydroxyl and pyrrole groups from advanced MRPs, may function as
electron donors; and (3) reductones can donate hydrogen atoms to
disrupt radical chain reactions. This capability can potentially reduce
oxidative stress and lower the risk of chronic diseases, such as
cardiovascular disease, cancer, and neurodegenerative disorders.
Their effectiveness in scavenging free radicals and inhibiting lipid
oxidation makes MRPs valuable in combating oxidative damage at
the cellular level3837], Certain Maillard Reaction Products (MRPs),
particularly those created from protein-sugar interactions, have
demonstrated notable anti-inflammatory properties. These com-
pounds can help modulate inflammatory pathways and contribute
to the management of chronic conditions such as arthritis and
inflammatory bowel diseases. Additionally, several MRPs exhibit
prebiotic potential by promoting the growth of beneficial gut
microbiota, thereby improving gut health, digestion, and nutrient
absorption®l. From a nutritional perspective, MRPs enhance the
flavor, color, and palatability of cooked foods, positively influencing
food intake and overall satisfaction. However, it is also important to
consider that some MRPs, especially those formed at high tempera-
tures and during prolonged cooking, may generate potentially
harmful compounds, such as advanced glycation end-products
(AGEs), which have been linked to oxidative stress and age-related
diseases[®’], Research has shown that incorporating a proportional
amount of the products of the Millard reaction in baked goods such
as bread or biscuits has been shown to enhance prebiotic activity
by promoting the growth of beneficial gut microbiota, particularly
Bifidobacteria and Lactobacilli®®l. Similarly, dairy-based MRPs
produced through controlled heating of milk proteins and reducing
sugars have demonstrated anti-inflammatory properties in vitro and
in animal models, indicating their potential application in functional
yogurts and fermented milk products aimed at supporting gut and
immune health®), It is essential to recognize that while MRPs show
encouraging effects, their nutritional impact can vary depending on
factors such as the food matrix, the type of protein opyner sugar
involved, and the specific conditions under which the Maillard reac-
tion occurs.

To provide a structured visual summary, Fig. 5 categorizes
the main types of natural preservatives discussed in this review
including herbal, hydrocolloid-based, marine-derived, and in-situ-
produced compounds and outlines their predominant mechanisms
of action in food preservation. This visual aid aims to enhance the
clarity and accessibility of the content presented.

Toxicogenic effect of natural preservatives

While many people believe that natural compounds are inher-
ently safe, it is increasingly recognized that this assumption may not
always hold true. Even natural substances can be harmful when
consumed in excess, and their long-term safety, especially at high
doses, remains inadequately established and requires further inves-
tigationl'%%, For instance, although grape seed polyphenolic extract
(GSPE) has shown favorable safety at lower doses in animal models,
higher concentrations have exhibited pro-oxidant behavior and
induced cellular toxicity in vitrol2], Green tea extracts, rich in cate-
chins, have also been associated with dose-dependent adverse
effects. Human studies report hepatotoxicity at daily intakes of
140 mg to 1,000 mg, with side effects such as bloating, stomach
upset, heartburn, headache, dizziness, and muscle pain at doses of
800 mg once daily or 400 mg twice daily. In animal studies, tea
phenolics have been shown to cause liver injury at doses between
50 and 800 mg/kg?3l. Limonene, a compound commonly found
in citrus peels, is generally considered safe at doses up to
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Fig. 5 Classification of natural preservatives and their mechanisms of
action in food preservation.

2.5 mg/kg/day. However, individual sensitivity and exposure condi-
tions may result in side effects such as skin irritation. These observa-
tions highlight the need for strict evaluation of natural compounds
before widespread usel2%l, To ensure consumer safety, natural pre-
servatives are subject to rigorous regulatory frameworks and over-
sight by major institutions. These include the US Food and Drug
Administration (FDA), the European Food Safety Authority (EFSA),
and the Joint FAO/WHO Expert Committee on Food Additives
(JECFA)“7L, In the United States, a substance may be classified as
Generally Recognized as Safe (GRAS) either through a scientific eval-
uation or based on a history of safe use in food prior to 1958. In
the European Union, food additives are regulated under EC Regula-
tion No 1333/2008 and its amendments, which define the list of
approved additives and their conditions of use. In Australia and New
Zealand, the Food Standards Australia New Zealand (FSANZ) over-
sees food additives, though currently no enforceable definition
exists for the term 'natural additive'™”). Among widely used hydro-
colloids, the following compounds have been granted GRAS status
under the Code of Federal Regulations (CFR): Arabic gum (CFR
§184.1330), and tragacanth gum (§184.1351) used as stabilizers and
emulsifiers. Guar gum (§184.1339) and locust bean gum (§184.1343)
mainly act as thickening agents. Pectin (§184.1588), also GRAS with
an ADI of 'not specified' by JECFA due to low toxicity. Seaweed-
derived compounds such as agar (§184.1115), carrageenan
(§172.620), and sodium alginate (§184.1724) are similarly regulated.
While agar and alginate are generally regarded as safe, concerns
have been raised about degraded carrageenan, although food-
grade carrageenan is still accepted in specific applications!'0%.102],
Among essential oils, several compounds have achieved GRAS
recognition, including: Thymol (from thyme), Eugenol (from clove),
Limonene, and menthol, each under specific usage conditions!'03,
However, these compounds do not have specified ADIs, indicating
their safety is conditional upon adherence to accepted concentra-
tions. Given their potent biological activities, the inclusion of essen-
tial oils in food products must follow strict regulatory standards('94],
Overall, natural preservatives such as hydrocolloids, gums, and
essential oils are permitted for use in food systems worldwide,
provided they meet international safety guidelines related to purity,
function, and dosage levels.

Future perspectives

Emerging technologies are set to significantly transform the
development and application of natural bioactive compounds in
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functional foods. Multi-omics approaches including encompass-
ing genomics, transcriptomics, proteomics, and metabolomics,
offer powerful tools for identifying novel bioactive molecules with
enhanced preservative functions. These data-driven methodologies
can expedite the discovery of compounds with targeted antimicro-
bial and antioxidant properties!'95. Furthermore, precision-preserva-
tion systems have the potential to redefine the utilization of natural
preservatives by facilitating tailored formulations specific to various
food matrices, microbial threats, and processing conditions. The
incorporation of nanotechnology, encapsulation techniques, and
smart delivery systems will further enhance the stability and
effectiveness of these compounds within complex industrial
environmentsl'%], However, several challenges must be addressed
before large-scale implementation becomes feasible. These chal-
lenges include the inherent variability of natural compounds, the
costs associated with extraction and formulation, potential impacts
on sensory qualities, and regulatory constraints. Overcoming these
obstacles will require collaborative efforts among academic
researchers, food technology developers, and industry stakeholders
to ensure the safe, effective, and scalable integration of natural
preservatives into mainstream food systems.

Conclusions

Natural bioactive compounds are increasingly recognized as
crucial elements in the development of functional foods, offering
benefits that extend beyond basic nutrition. These compounds
are sourced from herbal medicines, hydrocolloids, marine environ-
ments, and in-situ production methods, showcasing significant
potential to enhance food quality, safety, and shelf life. Herbal
extracts exhibit antimicrobial and antioxidant properties, position-
ing them as effective natural alternatives to synthetic additives.
Hydrocolloid-based preservatives play a key role in stabilizing food
systems and protecting against spoilage. Furthermore, marine-
derived compounds, such as polysaccharides and peptides, demon-
strate strong bioactivity, making them highly suitable for a wide
range of applications within the food industry. The in-situ produc-
tion of preservatives via microbial or enzymatic processes presents a
promising approach to generating natural preservatives directly
within food matrices. However, the successful implementation of
these natural preservatives requires careful optimization to address
challenges, including potential toxic effects, dose dependency, and
interactions with other food components.

Author contributions

The authors confirm contributions to the paper as follows: study
conception and design, supervision, review and editing of the
manuscript: Moslemi M. Writing the manuscript, discussion and data
collection: Malek S. All authors reviewed the results and approved
the final version of the manuscript.

Data availability

None

Conflict of interest

The authors declare that they have no conflict of interest.

Dates

Received 31 May 2025; Revised 29 July 2025; Accepted 1
September 2025; Published online 25 November 2025

Page 140f 17

Natural preservatives in foods

References

1. Jebelli Javan A, Moslemi M, Salimirad S, Soleymanpour S. 2018. Effect
of chitosan and Trachyspermum ammi essential oil on microbial
growth, proteolytic spoilage, lipid oxidation and sensory attributes of
chicken fillet during refrigerated storage. Iranian Journal of Veterinary
Medicine 12:69-78

2. Manguntungi B, Sari AP, Ariandi A, Vanggy LR, Erlangga R, et al.
2022. Secondary metabolite of sumbawa algae and its potential as
natural preservative candidates (an antimicrobial studies). Biotropia
29:95-102

3. Singh S, Chaurasia PK, Bharati SL. 2022. Functional roles of Essential
oils as an effective alternative of synthetic food preservatives: a review.
Journal of Food Processing and Preservation 46:e16804

4. Santosa GW, Djunaedi A, Susanto AB, Pringgenies D, Ariyanto D, et al.
2024. The potential two types of green macroalgae (Caulerpa race-
mosa and Caulerpa lentillifera) as a natural food preservative from
Jepara beach, Indonesia. Trends in Sciences 21:7394

5. Jayaprakash K, Kumaran NS, Balamurugan V. 2021. Extraction of chitin
from penaeus monodon shell wastes used as food preservative and
life enhancer. Journal of Advanced Scientific Research 12:242—-47

6. Abd El-Baky HH, El Baz FK, El-Baroty GS. 2008. Evaluation of marine
alga Ulva lactuca L. as a source of natural preservative ingredient.
American-Eurasian Journal of Agricultural and Environmental Sciences
3:434-44

7. Kokoska L, Kloucek P, Leuner O, Novy P. 2019. Plant-derived products
as antibacterial and antifungal agents in human health care. Current
Medicinal Chemistry 26:5501-41

8. Lopez L, Gdmez A, Trigo M, Miranda JM, Barros-Velazquez J, et al. 2024.
Preservative effect of a gelatin-based film including a Gelidium sp. flour
extract on refrigerated Atlantic mackerel. Applied Sciences 14:8817

9.  Ameer S, Aslam S, Saeed M. 2019. Preservation of milk and dairy prod-
ucts by using biopreservatives. Middle East Journal of Applied Science &
Technology (MEJAST) 2:72-79

10. Bensid A, El Abed N, Houicher A, Regenstein JM, Ozogul F. 2022.
Antioxidant and antimicrobial preservatives: Properties, mechanism of
action and applications in food - a review. Critical Reviews in Food
Science and Nutrition 62:2985-3001

11.  Nateghi L, Moslemi M, Karimian Khosroshahi N. 2024. Evaluation of
microbial and sensory properties of red meat sausage formulated with
carmine dye and cumin essential oil as nitrate substitute. /ranian Jour-
nal of Chemistry and Chemical Engineering 43:2682—90

12. Bozik M, Novy P, Klou€ek P. 2017. Chemical composition and antimi-
crobial activity of cinnamon, thyme, oregano and clove essential oils
against plant pathogenic bacteria. Acta Universitatis Agriculturae et
Silviculturae Mendelianae Brunensis 65:1129-34

13. Calderén-Oliver M, Ponce-Alquicira E. 2021. Environmentally friendly
techniques and their comparison in the extraction of natural anti-
oxidants from green tea, rosemary, clove, and oregano. Molecules
26:1869

14. Teshome E, Forsido SF, Vasantha Rupasinghe HP, Olika Keyata E. 2022.
Potentials of natural preservatives to enhance food safety and shelf
life: a review. The Scientific World Journal 2022:9901018

15. El Bialy S, Bker N, Ibrahim H, Saad SA, Ali E. 2024. Efficacy of parsley
oil on bacteriological quality and their deteriorative changes of retail
tilapia fillets. Advances in Animal and Veterinary Sciences 12:211-19

16. Atwaa ESH, Shahein MR, Radwan HA, Mohammed NS, Aloraini MA, et
al. 2022. Antimicrobial activity of some plant extracts and their appli-
cations in homemade tomato paste and pasteurized cow milk as natu-
ral preservatives. Fermentation 8:428

17. El-Chaghaby GA, Shehta HA, Rashad S, Rawash EA, Eid HR. 2024. Evalu-
ation of the antioxidant and antimicrobial activities of the spent coffee
extracts and their applications as natural food preservatives of chicken
fillets. Novel Research in Microbiology Journal 8:2303—19

18. Ben Miri Y, Nouasri A, Benabdallah A, Benslama A, Tacer-Caba Z, et al.
2023. Antifungal effects of selected menthol and eugenol in vapors on
green coffee beans during long-term storage. Heliyon 9:e18138

19. Istiqgomah A, Prasetyo WE, Firdaus M, Kusumaningsih T. 2024. Antibac-
terial evaluation of garlic extracts on chitosan/starch packaging film

Malek & Moslemi Food Materials Research 2025, 5: €019


https://doi.org/10.22059/ijvm.2017.238184.1004825
https://doi.org/10.22059/ijvm.2017.238184.1004825
https://doi.org/10.11598/btb.2022.29.2.1625
https://doi.org/10.1111/jfpp.16804
https://doi.org/10.48048/tis.2024.7394
https://doi.org/10.2174/0929867325666180831144344
https://doi.org/10.2174/0929867325666180831144344
https://doi.org/10.3390/app14198817
https://doi.org/10.1080/10408398.2020.1862046
https://doi.org/10.1080/10408398.2020.1862046
https://doi.org/10.30492/ijcce.2024.2009440.6177
https://doi.org/10.30492/ijcce.2024.2009440.6177
https://doi.org/10.30492/ijcce.2024.2009440.6177
https://doi.org/10.11118/actaun201765041129
https://doi.org/10.11118/actaun201765041129
https://doi.org/10.3390/molecules26071869
https://doi.org/10.1155/2022/9901018
https://doi.org/10.17582/journal.aavs/2024/12.s1.211.219
https://doi.org/10.3390/fermentation8090428
https://doi.org/10.21608/nrmj.2024.339900
https://doi.org/10.1016/j.heliyon.2023.e18138

Natural preservatives in foods

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

using response surface methodology and its application for shelf - life
extension of bell peppers (Capsicum annuum). Journal of Food Science
89:6523-38

Rasooli I. 2007. Food preservation — a biopreservative approach. Food
1:111-36

Mujovié M, Soji ¢ B, Peuli¢ T, Koci 6-Tanackov S, Ikoni¢ P, et al. 2024.
Effects of dill (Anethum graveolens) essential oil and lipid extracts as
novel antioxidants and antimicrobial agents on the quality of beef
burger. Foods 13:896

Bakr JG, Khalid SA, Khafaga NIM, Yassien NA, Zaki HMBA. 2024. Impact
of using cinnamon (Cinnamomum verum) essential oil and its pectin-
chitosan nano-emulsion on survival of Aspergillus flavus and total afla-
toxin inhibition in beef burger patties. Food Control 159:110294

Sirena JT, Magro JD, Junges A, Steffens C, Cansian RL, et al. 2024. Char-
acterization of free and encapsulated cinnamon and clove essential
oils for enhancing fresh sausage quality: a natural substitute for
synthetic preservatives. Food Bioscience 61:104649

Nouioura G, El fadili M, Ghneim HK, Zbadi L, Maache S, et al. 2024.
Exploring the essence of celery seeds (Apium graveolens L.): Innova-
tions in microwave-assisted hydrodistillation for essential oil extrac-
tion using in vitro, in vivo and in silico studies. Arabian Journal of Chem-
istry 17:105726

Ofosu FK, Daliri EB, Elahi F, Chelliah R, Lee BH, et al. 2020. New insights
on the use of polyphenols as natural preservatives and their emerging
safety concerns. Frontiers in Sustainable Food Systems 4:525810
Alvarez-Martinez FJ, Barrajon-Catalan E, Herranz-Lépez M, Micol V.
2021. Antibacterial plant compounds, extracts and essential oils: An
updated review on their effects and putative mechanisms of action.
Phytomedicine 90:153626

Oyewole AO, Diosady LL. 2023. Evaluating the potential of Hibiscus
sabdariffa beverage to address the prevalence of iron deficiency in
sub-Saharan Africa. LWT 188:115433

Homayouni Rad A, Karbalaei F, Torbati MA, Moslemi M, Shahraz F, et al.
2022. Effect of Hibiscus sabdariffa and Camellia synensis extracts on
microbial, antioxidant and sensory properties of ice cream. Journal of
Food Science and Technology 59:735—-44

Jafarirad S, Nateghi L, Moslemi M, Afshari KP. 2023. Functional proper-
ties of the bioactive peptides derived from Sargassum angustifolium
algae. Journal of Food Measurement and Characterization 17:6588-99
Liu Q, Huang Y, Zhang R, Cai T, Cai Y. 2016. Medical application of
Spirulina platensis derived C - phycocyanin. Evidence-Based Comple-
mentary and Alternative Medicine 2016:7803846

Pyne S, Paria K, Mandal SM, Srivastav PP, Bhattacharjee P, et al. 2022.
Green microalgae derived organic nanodots used as food preservative.
Current Research in Green and Sustainable Chemistry 5:100276

Saberyan R, Kouchakzadeh A, Rakhshandeh H. 2018. Use of
carrageenan and its effects on the texture and shelf-life of yogurt.
Dairy Science 101:7431-40

Sharafi H, Divsalar E, Rezaei Z, Liu SQ, Moradi M. 2024. The potential of
postbiotics as a novel approach in food packaging and biopreserva-
tion: a systematic review of the latest developments. Critical Reviews in
Food Science and Nutrition 64:12524-54

da Silva Vale A, de Melo Pereira GV, de Oliveira AC, de Carvalho Neto
DP, Herrmann LW, et al. 2023. Production, formulation, and applica-
tion of postbiotics in the treatment of skin conditions. Fermentation
9:264

Pesarico AP, de Jesus GFA, Nonato Y, da Silva Cérneo E, Dias R, et al.
2023. Effects of repeated low and high dosage postbiotics administra-
tion in toxicity and inflammatory responses in mice model. BRASPEN
Journal 38:152-59

Vinderola G, Sanders ME, Salminen S. 2022. The concept of postbiotics.
Foods 11:1077

Wei CK, Ni ZJ, Thakur K, Liao AM, Hu F, et al. 2019. Acute, genetic and
sub-chronic toxicities of flaxseed derived Maillard reaction products.
Food and Chemical Toxicology 131:110580

Feng J, Berton-Carabin CC, Fogliano V, Schroén K. 2022. Maillard reac-
tion products as functional components in oil-in-water emulsions: a
review highlighting interfacial and antioxidant properties. Trends in
Food Science & Technology 121:129—-41

Malek & Moslemi Food Materials Research 2025, 5: €019

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Food Materials
Research

Rojas V, Rivas L, Cérdenas C, Guzman F. 2020. Cyanobacteria and
eukaryotic microalgae as emerging sources of antibacterial peptides.
Molecules 25:5804

Malek S, Pirouzifard MK, Yadegar A, Vand Bonab SM, Jannat B, et al.
2022. Synthesis, characterization, and evaluation of anti-Helicobacter
activity of chitosan and pectin microparticles containing Zataria multi-
flora extract in vitro. Applied Food Biotechnology 9:321-31
Mahdavi-Roshan M, Gheibi S, Pourfarzad A. 2022. Effect of propolis
extract as a natural preservative on quality and shelf life of marinated
chicken breast (chicken Kebab). LWT 155:112942

Jannatiha N, Shojaee-Aliabadi S, Moslehishad M, Moosavi MH, Moslemi
M, et al. 2020. Carboxymethyl cellulose film incorporating satureja
khuzistanica and Zataria multiflora essential oils for extending the
shelf life of chicken legs. Journal of Medicinal plants and By-Products
9:235-48

Di Pasqua R, Hoskins N, Betts G, Mauriello G. 2006. Changes in
membrane fatty acids composition of microbial cells induced by
addiction of thymol, carvacrol, limonene, cinnamaldehyde, and
eugenol in the growing media. Journal of Agricultural and Food Chem-
istry 54:2745—-49

Banwo K, Olojede AO, Adesulu-Dahunsi AT, Verma DK, Thakur M, et al.
2021. Functional importance of bioactive compounds of foods with
Potential Health Benefits: a review on recent trends. Food Bioscience
43:101320

Ecevit K, Barros AA, Silva JM, Reis RL. 2022. Preventing microbial
infections with natural phenolic compounds. Future Pharmacology
2:460-98

Alara OR, Abdurahman NH, Ukaegbu Cl. 2021. Extraction of phenolic
compounds: a review. Current Research in Food Science 4:200—14

Beya MM, Netzel ME, Sultanbawa Y, Smyth H, Hoffman LC. 2021. Plant-
based phenolic molecules as natural preservatives in comminuted
meats: a review. Antioxidants 10:263

Cheraghali F, Shojaee-Aliabadi S, Hosseini SM, Mirmoghtadaie L,
Mortazavian AM, et al. 2018. Characterization of microcapsule contain-
ing walnut (Juglans regia L.) green husk extract as preventive antioxi-
dant and antimicrobial agent. International Journal of Preventive
Medicine 9:101

Nair MS, Tomar M, Punia S, Kukula-Koch W, Kumar M. 2020. Enhancing
the functionality of chitosan-and alginate-based active edible coat-
ings/films for the preservation of fruits and vegetables: a review. Inter-
national Journal of Biological Macromolecules 164:304—20

Mukarram SA, Wandhekar SS, Ahmed AEM, Varallyay S, Pandey VK,
et al. 2024. Global perspectives on the medicinal implications of green
walnut and its benefits: a comprehensive review. Horticulturae 10:433
Tabacariu AS, Ifrim IL, Patriciu Ol, Stefanescu IA, Finaru AL. 2024.
Walnut by-products and elderberry extracts—sustainable alternatives
for human and plant health. Molecules 29:498

Huang Q, Wan C, Zhang Y, Chen C, Chen J. 2021. Gum arabic edible
coating reduces postharvest decay and alleviates nutritional quality
deterioration of ponkan fruit during cold storage. Frontiers in Nutrition
8:717596

Sulieman AME, Abdallah EM, Alanazi NA, Ed-Dra A, Jamal A, et al. 2023.
Spices as sustainable food preservatives: a comprehensive review of
their antimicrobial potential. Pharmaceuticals 16:1451

Aly A, Maraei R, Rezk A, Diab A. 2023. Phytochemical constitutes and
biological activities of essential oil extracted from irradiated caraway
seeds (Carum carvi L.). International Journal of Radiation Biology
99:318-28

Shaukat N, Farooq U, Akram K, Shafi A, Hayat Z, et al. 2023. Antimicro-
bial potential of banana peel: a natural preservative to improve food
safety. Asian Journal of Agriculture & Biology 2023:202003188

Saleh E, Morshdy AE, EI-Manakhly E, Al-Rashed S, Hetta HF, et al. 2020.
Effects of olive leaf extracts as natural preservative on retailed poultry
meat quality. Foods 9:1017

Chakraborty S, Dutta H. 2022. Use of nature - derived antimicrobial
substances as safe disinfectants and preservatives in food processing
industries: a review. Journal of Food Processing and Preservation
46:215999

Page 150f 17


https://doi.org/10.1111/1750-3841.17325
https://doi.org/10.3390/foods13060896
https://doi.org/10.1016/j.foodcont.2024.110294
https://doi.org/10.1016/j.fbio.2024.104649
https://doi.org/10.1016/j.arabjc.2024.105726
https://doi.org/10.1016/j.arabjc.2024.105726
https://doi.org/10.1016/j.arabjc.2024.105726
https://doi.org/10.3389/fsufs.2020.525810
https://doi.org/10.1016/j.phymed.2021.153626
https://doi.org/10.1016/j.lwt.2023.115433
https://doi.org/10.1007/s13197-021-05068-7
https://doi.org/10.1007/s13197-021-05068-7
https://doi.org/10.1007/s11694-023-02161-7
https://doi.org/10.1155/2016/7803846
https://doi.org/10.1155/2016/7803846
https://doi.org/10.1155/2016/7803846
https://doi.org/10.1016/j.crgsc.2022.100276
https://doi.org/10.1080/10408398.2023.2253909
https://doi.org/10.1080/10408398.2023.2253909
https://doi.org/10.3390/fermentation9030264
https://doi.org/10.37111/braspenj.2023.38.2.07
https://doi.org/10.37111/braspenj.2023.38.2.07
https://doi.org/10.3390/foods11081077
https://doi.org/10.1016/j.fct.2019.110580
https://doi.org/10.1016/j.tifs.2022.02.008
https://doi.org/10.1016/j.tifs.2022.02.008
https://doi.org/10.3390/molecules25245804
https://doi.org/10.22037/afb.v9i4.39610
https://doi.org/10.1016/j.lwt.2021.112942
https://doi.org/10.22092/JMPB.2020.341663.1177
https://doi.org/10.22092/JMPB.2020.341663.1177
https://doi.org/10.22092/JMPB.2020.341663.1177
https://doi.org/10.1021/jf052722l
https://doi.org/10.1021/jf052722l
https://doi.org/10.1021/jf052722l
https://doi.org/10.1016/j.fbio.2021.101320
https://doi.org/10.3390/futurepharmacol2040030
https://doi.org/10.1016/j.crfs.2021.03.011
https://doi.org/10.3390/antiox10020263
https://doi.org/10.4103/ijpvm.IJPVM_308_18
https://doi.org/10.4103/ijpvm.IJPVM_308_18
https://doi.org/10.1016/j.ijbiomac.2020.07.083
https://doi.org/10.1016/j.ijbiomac.2020.07.083
https://doi.org/10.3390/horticulturae10050433
https://doi.org/10.3390/molecules29020498
https://doi.org/10.3389/fnut.2021.717596
https://doi.org/10.3390/ph16101451
https://doi.org/10.1080/09553002.2022.2078004
https://doi.org/10.35495/ajab.2020.03.188
https://doi.org/10.3390/foods9081017
https://doi.org/10.1111/jfpp.15999

Food Materials
Research

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Abdel-Wahab M, El-Sohaimy SA, Ibrahim HA, Abo El-Makarem HS.
2020. Evaluation the efficacy of clove, sage and kiwifruit peels extracts
as natural preservatives for fish fingers. Annals of Agricultural Sciences
65:98-106

Chandel V, Biswas D, Roy S, Vaidya D, Verma A, et al. 2022. Current
advancements in pectin: extraction, properties and multifunctional
applications. Foods 11:2683

Lu H, Li S, Gao Q. 2025. Development of an antibacterial hydrogel by k-
carrageenan with carvacrol/hydroxypropyl-p-cyclodextrin composite
and its application for strawberry preservation. Food Control
171:111100

Huang LH, Liu CY, Wang LY, Huang CJ, Hsu CH. 2018. Effects of green
tea extract on overweight and obese women with high levels of low
density-lipoprotein-cholesterol (LDL-C): a randomised, double-blind,
and cross-over placebo-controlled clinical trial. BMC Complementary
and Alternative Medicine 18:294

Tiamiyu QO, Adebayo SE, Yusuf AA. 2023. Gum Arabic edible coating
and its application in preservation of fresh fruits and vegetables: a
review. Food Chemistry Advances 2:100251

Udo T, Mummaleti G, Mohan A, Singh RK, Kong F. 2023. Current and
emerging applications of carrageenan in the food industry. Food
Research International 173:113369

Asghari-Varzaneh E, Sharifian-Mobarakeh S, Shekarchizadeh H.
2024. Enhancing hamburger shelf life and quality using gallic acid
encapsulated in gelatin/tragacanth gum complex coacervate. Heliyon
10:€24917

Zare-Bavani MR, Rahmati - Joneidabad M, Jooyandeh H. 2024. Gum
tragacanth, a novel edible coating, maintains biochemical quality,
antioxidant capacity, and storage life in bell pepper fruits. Food Science
& Nutrition 12:3935-48

Zhang LM, Zhou JF, Hui PS. 2005. A comparative study on viscosity
behavior of water - soluble chemically modified guar gum derivatives
with different functional lateral groups. Journal of the Science of Food
and Agriculture 85:2638—44

Thakur S, Bains A, Sridhar K, Kaushik R, Gupta VK, et al. 2023. Gum
arabic/guar gum based biopolymeric nanohydrogel for shelf-life
enhancement of grapes and photocatalytic dye reduction. Industrial
Crops and Products 203:117114

Sana SS, Raorane CJ, Venkatesan R, Roy S, Swain SK, et al. 2024. State-
of-the-art progress on locust bean gum polysaccharide for sustainable
food packaging and drug delivery applications: a review with prospec-
tives. International Journal of Biological Macromolecules 275:133619
Espitia PJP, Du WX, de Jesus Avena-Bustillos R, de Fatima Ferreira
Soares N, McHugh TH. 2014. Edible films from pectin: Physical-
mechanical and antimicrobial properties-a review. Food hydrocolloids
35:287-96

Ferrari CC, Sarantopoulos CIGL, Carmello-Guerreiro SM, Hubinger MD.
2013. Effect of osmotic dehydration and pectin edible coatings on
quality and shelf life of fresh-cut melon. Food and Bioprocess Technol-
ogy 6:80-91

Munoz-Labrador A, Moreno R, Villamiel M, Montilla A. 2018. Prepara-
tion of citrus pectin gels by power ultrasound and its application as an
edible coating in strawberries. Journal of the Science of Food and Agri-
culture 98:4866—75

Sucheta, Chaturvedi K, Sharma N, Yadav SK. 2019. Composite edible
coatings from commercial pectin, corn flour and beetroot powder
minimize post-harvest decay, reduces ripening and improves sensory
liking of tomatoes. International Journal of Biological Macromolecules
133:284-93

Ryu J, McClements DJ. 2025. Potential for fabricating tough double
network hydrogels using mixed polysaccharides: High-acyl gellan
with low-acyl gellan, agar, or k-carrageenan. Food Hydrocolloids
162:110898

Contessa CR, da Rosa GS, Moraes CC, de Medeiros Burkert JF. 2023.
Agar-agar and chitosan as precursors in the synthesis of functional film
for foods: a review. Macromol 3:275-89

Ziedan ESH, El Zahaby HM, Maswada HF, El Rafh Zoeir EHA. 2018.
Agar-agar: a promising edible coating agent for management of

Page 16 of 17

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Natural preservatives in foods

postharvest diseases and improving banana fruit quality. Journal of
Plant Protection Research 58:234—40

Anggraini J, Lo D. 2023. Health impact of carrageenan and its applica-
tion in food industry: a review. IOP Conference Series: Earth and Environ-
mental Science 1169:012098

Pacheco-Quito EM, Ruiz-Caro R, Veiga MD. 2020. Carrageenan: drug
delivery systems and other biomedical applications. Marine Drugs
18:583

Gan N, Li Q, Li Y, Li M, Li Y, et al. 2024. Encapsulation of lemongrass
essential oil by bilayer liposomes based on pectin, gum Arabic, and
carrageenan: Characterization and application in chicken meat preser-
vation. International Journal of Biological Macromolecules 281:135706
Weiner ML. 2014. Food additive carrageenan: part II: a critical review
of carrageenan in vivo safety studies. Critical Reviews in Toxicology
44:244-69

Lopes Al, Melo A, Caleja C, Pereira E, Finimundy TC, et al. 2023. Evalua-
tion of antimicrobial and antioxidant activities of alginate edible coat-
ings incorporated with plant extracts. Coatings 13:1487

Lee M, Riiegg N, Yildirim S. 2023. Evaluation of the antimicrobial activ-
ity of sodium alginate films integrated with cinnamon essential oil and
citric acid on sliced cooked ham. Packaging Technology and Science
36:647-56

Yu H, Huang X, Zhou L, Wang Y. 2023. Incorporation of cinnamalde-
hyde, carvacrol, and eugenol into zein films for active food packaging:
enhanced mechanical properties, antimicrobial activity, and controlled
release. Journal of Food Science and Technology 60:2846—57

Olivas Gl, Barbosa-Canovas GV. 2008. Alginate-calcium films: Water
vapor permeability and mechanical properties as affected by plasti-
cizer and relative humidity. LWT - Food Science and Technology 41:
359-66

Popescu L, Cojocari D, Ghendov-Mosanu A, Lung |, Soran ML, et al.
2023. The effect of aromatic plant extracts encapsulated in alginate on
the bioactivity, textural characteristics and shelf life of yogurt. Antioxi-
dants 12:893

LewisOscar F, Nithya C, Bakkiyaraj D, Arunkumar M, Alharbi NS, et al.
2017. Biofilm inhibitory effect of Spirulina platensis extracts on bacte-
ria of clinical significance. Proceedings of the National Academy of
Sciences, India Section B: Biological Sciences 87:537—-44

Fakee J, Bolton JJ, Le Roes-Hill M, Durrell KA, Antunes E, et al. 2023.
Antimicrobial activity of the secondary metabolites isolated from a
South African red seaweed, Laurencia corymbosa. Molecules 28:2063
Pradhan B, Nayak R, Patra S, Jit BP, Ragusa A, et al. 2020. Bioactive
metabolites from marine algae as potent pharmacophores against
oxidative stress-associated human diseases: a comprehensive review.
Molecules 26:37

Aga MB, Dar AH, Nayik GA, Panesar PS, Allai F, et al. 2021. Recent
insights into carrageenan-based bio-nanocomposite polymers in food
applications: a review. International Journal of Biological Macro-
molecules 192:197-209

Rafique N, Jan SY, Dar AH, Dash KK, Sarkar A, et al. 2023. Promising
bioactivities of postbiotics: a comprehensive review. Journal of Agricul-
ture and Food Research 14:100708

Aguilar-Toalad JE, Garcia-Varela R, Garcia HS, Mata-Haro V, Gonzélez-
Cérdova AF, et al. 2018. Postbiotics: an evolving term within the func-
tional foods field. Trends in Food Science & Technology 75:105—-14

Pepa GD, Vetrani C, Lupoli R, Massimino E, Lembo E, et al. 2022.
Uncooked cornstarch for the prevention of hypoglycemic events. Criti-
cal Reviews in Food Science and Nutrition 62:3250—-63

Silva CCG, Silva SPM, Ribeiro SC. 2018. Application of bacteriocins and
protective cultures in dairy food preservation. Frontiers in Microbiology
9:594

Alvarez-Sieiro P, Montalban-Lopez M, Mu D, Kuipers OP. 2016. Bacteri-
ocins of lactic acid bacteria: extending the family. Applied Microbiology
and Biotechnology 100:2939-51

Tiwari BK, Valdramidis VP, O’'Donnell CP, Muthukumarappan K, Bourke
P, et al. 2009. Application of natural antimicrobials for food preserva-
tion. Journal of Agricultural and Food Chemistry 57:5987—6000

Malek & Moslemi Food Materials Research 2025, 5: €019


https://doi.org/10.1016/j.aoas.2020.06.002
https://doi.org/10.3390/foods11172683
https://doi.org/10.1016/j.foodcont.2024.111100
https://doi.org/10.1186/s12906-018-2355-x
https://doi.org/10.1186/s12906-018-2355-x
https://doi.org/10.1016/j.focha.2023.100251
https://doi.org/10.1016/j.foodres.2023.113369
https://doi.org/10.1016/j.foodres.2023.113369
https://doi.org/10.1016/j.heliyon.2024.e24917
https://doi.org/10.1002/fsn3.4052
https://doi.org/10.1002/fsn3.4052
https://doi.org/10.1002/jsfa.2308
https://doi.org/10.1002/jsfa.2308
https://doi.org/10.1016/j.indcrop.2023.117114
https://doi.org/10.1016/j.indcrop.2023.117114
https://doi.org/10.1016/j.ijbiomac.2024.133619
https://doi.org/10.1016/j.foodhyd.2013.06.005
https://doi.org/10.1007/s11947-011-0704-6
https://doi.org/10.1007/s11947-011-0704-6
https://doi.org/10.1007/s11947-011-0704-6
https://doi.org/10.1002/jsfa.9018
https://doi.org/10.1002/jsfa.9018
https://doi.org/10.1002/jsfa.9018
https://doi.org/10.1016/j.ijbiomac.2019.04.132
https://doi.org/10.1016/j.foodhyd.2024.110898
https://doi.org/10.3390/macromol3020017
https://doi.org/10.24425/122938
https://doi.org/10.24425/122938
https://doi.org/10.1088/1755-1315/1169/1/012098
https://doi.org/10.1088/1755-1315/1169/1/012098
https://doi.org/10.1088/1755-1315/1169/1/012098
https://doi.org/10.3390/md18110583
https://doi.org/10.1016/j.ijbiomac.2024.135706
https://doi.org/10.3109/10408444.2013.861798
https://doi.org/10.3390/coatings13091487
https://doi.org/10.1002/pts.2733
https://doi.org/10.1007/s13197-023-05802-3
https://doi.org/10.1016/j.lwt.2007.02.015
https://doi.org/10.1016/j.lwt.2007.02.015
https://doi.org/10.1016/j.lwt.2007.02.015
https://doi.org/10.1016/j.lwt.2007.02.015
https://doi.org/10.1016/j.lwt.2007.02.015
https://doi.org/10.3390/antiox12040893
https://doi.org/10.3390/antiox12040893
https://doi.org/10.1007/s40011-015-0623-9
https://doi.org/10.1007/s40011-015-0623-9
https://doi.org/10.3390/molecules28052063
https://doi.org/10.3390/molecules26010037
https://doi.org/10.1016/j.ijbiomac.2021.09.212
https://doi.org/10.1016/j.ijbiomac.2021.09.212
https://doi.org/10.1016/j.ijbiomac.2021.09.212
https://doi.org/10.1016/j.jafr.2023.100708
https://doi.org/10.1016/j.jafr.2023.100708
https://doi.org/10.1016/j.jafr.2023.100708
https://doi.org/10.1016/j.tifs.2018.03.009
https://doi.org/10.1080/10408398.2020.1864617
https://doi.org/10.1080/10408398.2020.1864617
https://doi.org/10.3389/fmicb.2018.00594
https://doi.org/10.1007/s00253-016-7343-9
https://doi.org/10.1007/s00253-016-7343-9
https://doi.org/10.1021/jf900668n

Natural preservatives in foods

95.

96.

97.

98.

99.

100.

Lisboa HM, Pasquali MB, dos Anjos Al, Sarinho AM, de Melo ED, et al.
2024. Innovative and sustainable food preservation techniques:
enhancing food quality, safety, and environmental sustainability.
Sustainability 16:8223

Oh JG, Chun SH, Kim DH, Kim JH, Shin HS, et al. 2017. Anti-inflamma-
tory effect of sugar-amino acid Maillard reaction products on intesti-
nal inflammation model in vitro and in vivo. Carbohydrate research
449:47-58

Tuohy KM, Hinton DJS, Davies SJ, Crabbe MJC, Gibson GR, et al. 2006.
Metabolism of Maillard reaction products by the human gut micro-
biota—implications for health. Molecular Nutrition & Food Research
50:847-57

Scholliers J, Steen L, Fraeye I. 2020. Gelation of a combination of insect
and pork proteins as affected by heating temperature and insect:meat
ratio. Food Research International 137:109703

Zhang Y, Zhang H, Wang L, Guo X, Dong D, Liu J. 2018. Anti-inflamma-
tory activity of Maillard reaction products derived from milk protein
and lactose. Dairy Science 101:8843-51

Semenovich DS, Andrianova NV, Zorova LD, Pevzner IB, Abramicheva
PA, et al. 2023. Fibrosis development linked to alterations in glucose
and energy metabolism and prooxidant-antioxidant balance in exper-
imental models of liver injury. Antioxidants 12:1604

Malek & Moslemi Food Materials Research 2025, 5: €019

101.

102.
103.
104.

105.

106.

Food Materials
Research

European Union (EU). 2008. Regulation EC No. 1333/2008 of the Euro-
pean Parliament and of the Council: on food additives. https://eur-
lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32008R1333

U.S. Food and Drug Administration (FDA). 2023. Code of Federal Regula-
tions (CFR), Title 21, Part 184. www.fda.gov

U.S. Food and Drug Administration (FDA). 2023. GRAS Substances.
www.fda.gov

Gdémez M, et al. 2022. Safety evaluation of essential oils as food addi-
tives: a review. Food Science 87:3101-10

Langyan SN, Aravind B, Malavalli SS, Sukanth BS, Poornima R, et al.
2021. Omics technologies to enhance plant-based functional foods: an
overview. Frontiers in Genetics 12:742095

Novais C, Molina AK, Abreu RMV, Santo-Buelga C, Ferreira ICFR, et al.
2022. Natural food colorants and preservatives: a review, a demand,
and a challenge. Journal of Agricultural and Food Chemistry
70:2789-805

Copyright: © 2025 by the author(s). Published by
Maximum Academic Press on behalf of Nanjing

Agricultural University. This article is an open access article distributed
under Creative Commons Attribution License (CC BY 4.0), visit
https://creativecommons.org/licenses/by/4.0/.

Page 17 0of 17


https://doi.org/10.3390/su16188223
https://doi.org/10.1016/j.carres.2017.07.003
https://doi.org/10.1002/mnfr.200500126
https://doi.org/10.1016/j.foodres.2020.109703
https://doi.org/10.3390/antiox12081604
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32008R1333
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32008R1333
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32008R1333
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32008R1333
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32008R1333
https://www.fda.gov
https://www.fda.gov
https://doi.org/10.3389/fgene.2021.742095
https://doi.org/10.1021/acs.jafc.1c07533
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Botanical preservatives
	Plant-based preservatives
	Walnut
	Trachyspermum ammi
	Thyme
	Camellia sinensis
	Cumin
	Caraway seeds (Carum carvi L.)
	Banana
	Olive leaf extracts (OLE)
	Clove, sage, and kiwi fruit

	Hydrocolloids-based preservatives
	Arabic gum
	Tragacanth gum (TG)
	Guar gum
	Locust bean gum (LBG)
	Pectin
	Agar
	Carrageenan
	Alginate


	Marine preservatives
	Sargassum angustifolium
	Microalga
	Chitin and chitosan
	Secondary metabolites of marine algae
	Carrageenan

	In-situ-produced preservatives
	Postbiotics
	Bacteriocins
	Maillard reaction products (MRPs)

	Toxicogenic effect of natural preservatives
	Future perspectives
	Conclusions
	Author contributions
	Data availability
	References

