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Abstract: Food safety is a critical global health concern, as the consumption of unsafe food
can lead to various acute and chronic diseases. While various preservation methods are
employed to prevent food spoilage, it remains a significant issue for the food industry,
resulting not only in food waste but also significant economic losses for manufacturers
and consumers alike. Furthermore, there is growing consumer concern regarding food
quality and safety, leading to the rejection of chemical additives due to their associated
health risks. Organic acids, naturally occurring compounds of plants and animals, and
produced by various beneficial microorganisms, play an important role in enhancing
food flavor, preserving nutritional quality, and extending the shelf life of food products.
Recognized for their antimicrobial potential, organic acids are commonly utilized as food
preservatives, thus contributing to food safety. This review focuses on organic acids as
natural preservatives within the food industry. It delves into their chemical structures,
mode of action in cells, the types commonly used in preservation along with their general
properties, and their antimicrobial activity against bacteria, yeasts, and fungi. These insights
are drawn from the published literature, providing comprehensive understanding of the
role organic acids play in ensuring food safety and maintaining food quality.

Keywords: organic acids; natural preservatives; antimicrobial; sustainable food preservation;
sustainable ingredient

1. Introduction
The preservation of food is a paramount concern for the food industry and consumers

worldwide. Microbiological deterioration stands as one of the leading causes of food quality
and safety loss, posing a significant challenge to the food industry. Various types of method
are used to maintain preservation of food such as thermal processing, drying, freezing,
refrigeration, irradiation, fermentation, modified atmosphere packaging, and the addition
of antimicrobial agents, such as salts or other chemical or biological preservatives [1].

One of the most effective approaches to combat this deterioration is using natural
antimicrobial agents, such as organic acids. Organic acids are chemical compounds found
in a variety of natural foods such as fruits, vegetables, and fermented food products such
vinegar, among others. They play a crucial role in preserving foods by inhibiting the
growth of unwanted microorganisms such as bacteria, fungi, and yeasts. The antimicrobial
capability of organic acids has been recognized and utilized for centuries in traditional
food preservation techniques such as fermentation and acidification [2].

The utilization of organic acids as antimicrobial agents in food preservation has gained
increasing interest due to their proven effectiveness, as well as consumer demand for natural
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ingredients and more sustainable production processes. Furthermore, rising concerns
about food safety and antimicrobial resistance have driven the search for safe and effective
alternatives to synthetic chemical preservatives including sorbates (E200–E203), nitrates
(E251 and E252), nitrites (E249 and E250), and sulfites (E220–E228) [2,3]. In contrast to
synthetic preservatives, which may pose health and environmental risks, organic acids such
as lactic, acetic, and citric acids are naturally biosynthesized through microbial fermentation,
resulting in a lower carbon footprint and reduced environmental impact compared to
their chemically synthesized counterparts [4]. Of all the biological preserving agents,
organic acids have the third largest production market in the world, and they are widely
used as antimicrobial agents in the food industry [5]. Many organic acids and their salts
are approved or listed as generally recognized as safe (GRAS) by the Food and Drug
Administration (FDA) regulations. In addition, they are used in preservation, such as
acidulants, antioxidants, flavoring agents, pH adjusters, and even nutrients as constituents
of food through different processes such as biochemical metabolism, hydrolysis, and
microbial activity [6,7].

This review provides a comprehensive overview of recognized and industrially uti-
lized organic acids, focusing on their structural characteristics, antimicrobial properties, and
diverse applications in food preservation. It focuses on their mechanisms of action at the
cellular level and highlights their individual and combined efficacy as natural preservatives,
drawing upon a wealth of recent and past studies. By synthesizing current knowledge and
identifying gaps in the literature, this review aims to enrich scientific discourse and catalyze
research on innovative applications of organic acids. It seeks to inspire advancements that
support their effective integration into modern food preservation strategies, meeting the
growing demand for safe, high-quality, and eco-friendly solutions.

2. General Characteristics of the Organic Acids
Organic acids typically occur naturally as constituents of various food products or are

produced as fermented by-products by ubiquitous organisms such as bacteria, fungi and
yeasts [8]. They are characterized as organic carboxylic acids with the general structure
R-COOH, which includes fatty acids and amino acids. Organic acids are classified based
on the nature of their carbon chain (aromatic, aliphatic, alicyclic, and heterocyclic) and
functional groups, categorizing them into monocarboxylic, dicarboxylic, alpha-hydroxyl,
and sugar acids [9]. Monocarboxylic acids, such as acetic, propionic, and sorbic acid, are
examples of this classification. Dicarboxylic acids include adipic, fumaric, and succinic acid.
Alpha hydroxyl acids encompass citric, lactic, and malic acid, while sugar acids consist of
ascorbic, gluconic, and tartaric acid [10].

Short-chain organic acids, those with ten or fewer carbon atoms, are often associated
with antimicrobial activity. Additionally, the antimicrobial effectiveness of organic acids
relies on several key properties, including their ionic form, pKa value, molecular weight,
minimum inhibitory concentration, the specific microorganism targeted, the buffering
properties of the food matrix, and the duration of exposure to acid [11]. It is notable that
most organic acids with antimicrobial properties possess a pKa between 3 and 5, making
them well suited for use in food preservation [12].

Organic acids are only partially dissociated in aqueous solutions. Those with low
molecular masses, such as lactic acid, are highly soluble in water, whereas acids with
higher molecular masses, such as benzoic acid, tend to remain insoluble in their molecular
form [13]. The use of organic acids as preservatives offers significant advantages due to
their simple molecular structure and low molecular size, which enable them to penetrate
microbial cells efficiently. Once inside, they disrupt intracellular activities, ultimately
causing cell death [4]. The characteristics of organic acids are commonly utilized in the
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food industry, including their chemical formula, molecular structure, and additional critical
properties, such as pKa, solubility, and GRAS status. These will influence their application
and function, as presented in Table 1.

Table 1. Chemical structure formulas, molecular structure, and additional critical properties of
various organic acids that are widely employed as food preservatives.

Organic
Acid

Chemical
Formula

Chemical
Structure

Molecular
Weight
(g/mol)

pKa
Solubility
(in Water)

(g/L)

GRAS
Status References

Acetic acid C2H4O2

Sustainability 2025, 17, x FOR PEER REVIEW 3 of 30 
 

 

form [13]. The use of organic acids as preservatives offers significant advantages due to 
their simple molecular structure and low molecular size, which enable them to penetrate 
microbial cells efficiently. Once inside, they disrupt intracellular activities, ultimately 
causing cell death [4]. The characteristics of organic acids are commonly utilized in the 
food industry, including their chemical formula, molecular structure, and additional 
critical properties, such as pKa, solubility, and GRAS status. These will influence their 
application and function, as presented in Table 1. 

Table 1. Chemical structure formulas, molecular structure, and additional critical properties of 
various organic acids that are widely employed as food preservatives. 

Organic Acid Chemical 
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(g/mol) pKa 
Solubility 
(in Water) 

(g/L) 

GRAS 
Status References 

Acetic acid C2H4O2 
 

60.05 4.75 Miscible Approved  [14] 

Adipic acid C6H10O4 
 

146.14 
4.43, 
5.41 

24 g/L  Approved [15] 

Butyric acid C4H8O2 
 

88.11 4.82 Miscible Approved [16] 

Caprylic acid C8H16O2 
 

144.21 4.89 0.68 Approved [4] 

Citric acid C6H8O7 
 

192.12 
3.12, 
4.76, 
6.39 

590 g/L Approved [17] 

Fumaric acid C4H4O4 
 

116.07 
3.86, 
15.01 

Miscible Approved [18] 

Lactic acid C3H6O3 
 

90.07 
3.03, 
4.44 

6.3 g/L Approved [19] 

Malic acid C4H6O5 
 

134.08 
3.40, 
5.20, 
14.50 

558 g/L  Approved [20] 

Phenyllactic 
acid 

C8H8O2 
 

166.17 4.31 15 g/L 
Not 

Approved 
[21] 

Propionic acid C3H6O2 
 

74.00 4.87 Miscible Approved [22] 

Gallic acid C7H6O5 

 

170.12 4.40 11.9 g/L Approved [23] 

Succinic acid C₄H₆O₄ 
 

118.88 
4.61, 
5.61 

80 g/L Approved [24] 

Tartaric acid C₄H₆O₆ 
 

158.08 
2.89, 
4.40 

Miscible Approved [10] 

3. Mode of Action of the Organic Acids on Cells 

60.05 4.75 Miscible Approved [14]

Adipic acid C6H10O4
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Butyric acid C4H8O2
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144.21 4.89 0.68 Approved [4] 

Citric acid C6H8O7 
 

192.12 
3.12, 
4.76, 
6.39 

590 g/L Approved [17] 

Fumaric acid C4H4O4 
 

116.07 
3.86, 
15.01 

Miscible Approved [18] 

Lactic acid C3H6O3 
 

90.07 
3.03, 
4.44 

6.3 g/L Approved [19] 

Malic acid C4H6O5 
 

134.08 
3.40, 
5.20, 
14.50 

558 g/L  Approved [20] 

Phenyllactic 
acid 

C8H8O2 
 

166.17 4.31 15 g/L 
Not 

Approved 
[21] 

Propionic acid C3H6O2 
 

74.00 4.87 Miscible Approved [22] 

Gallic acid C7H6O5 

 

170.12 4.40 11.9 g/L Approved [23] 

Succinic acid C₄H₆O₄ 
 

118.88 
4.61, 
5.61 

80 g/L Approved [24] 

Tartaric acid C₄H₆O₆ 
 

158.08 
2.89, 
4.40 

Miscible Approved [10] 

3. Mode of Action of the Organic Acids on Cells 

88.11 4.82 Miscible Approved [16]

Caprylic
acid C8H16O2
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6.3 g/L Approved [19] 
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C8H8O2 
 

166.17 4.31 15 g/L 
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3. Mode of Action of the Organic Acids on Cells 

144.21 4.89 0.68 Approved [4]

Citric acid C6H8O7
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5.20, 
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558 g/L  Approved [20] 

Phenyllactic 
acid 

C8H8O2 
 

166.17 4.31 15 g/L 
Not 

Approved 
[21] 

Propionic acid C3H6O2 
 

74.00 4.87 Miscible Approved [22] 

Gallic acid C7H6O5 

 

170.12 4.40 11.9 g/L Approved [23] 

Succinic acid C₄H₆O₄ 
 

118.88 
4.61, 
5.61 

80 g/L Approved [24] 

Tartaric acid C₄H₆O₆ 
 

158.08 
2.89, 
4.40 

Miscible Approved [10] 

3. Mode of Action of the Organic Acids on Cells 

192.12 3.12,
4.76, 6.39 590 g/L Approved [17]

Fumaric
acid C4H4O4
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Lactic acid C3H6O3
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Citric acid C6H8O7 
 

192.12 
3.12, 
4.76, 
6.39 

590 g/L Approved [17] 

Fumaric acid C4H4O4 
 

116.07 
3.86, 
15.01 

Miscible Approved [18] 

Lactic acid C3H6O3 
 

90.07 
3.03, 
4.44 

6.3 g/L Approved [19] 
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134.08 
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5.20, 
14.50 

558 g/L  Approved [20] 

Phenyllactic 
acid 

C8H8O2 
 

166.17 4.31 15 g/L 
Not 

Approved 
[21] 

Propionic acid C3H6O2 
 

74.00 4.87 Miscible Approved [22] 

Gallic acid C7H6O5 

 

170.12 4.40 11.9 g/L Approved [23] 

Succinic acid C₄H₆O₄ 
 

118.88 
4.61, 
5.61 

80 g/L Approved [24] 

Tartaric acid C₄H₆O₆ 
 

158.08 
2.89, 
4.40 

Miscible Approved [10] 

3. Mode of Action of the Organic Acids on Cells 

90.07 3.03, 4.44 6.3 g/L Approved [19]

Malic acid C4H6O5
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Approved 
[21] 

Propionic acid C3H6O2 
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Succinic acid C₄H₆O₄ 
 

118.88 
4.61, 
5.61 

80 g/L Approved [24] 

Tartaric acid C₄H₆O₆ 
 

158.08 
2.89, 
4.40 

Miscible Approved [10] 

3. Mode of Action of the Organic Acids on Cells 

134.08
3.40,
5.20,
14.50

558 g/L Approved [20]

Phenyllactic
acid C8H8O2
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166.17 4.31 15 g/L Not
Approved [21]

Propionic
acid C3H6O2
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170.12 4.40 11.9 g/L Approved [23]

Succinic
acid C4H6O4
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5.61 80 g/L Approved [24]

Tartaric acid C4H6O6
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158.08 2.89,
4.40 Miscible Approved [10]

3. Mode of Action of the Organic Acids on Cells
Organic acids are recognized for their impact on microbial activity through two

distinct mechanisms: cytoplasmic acidification and the accumulation of the dissociated
acid anion to toxic levels [25]. The primary mode of action of these lipid-soluble weak acids
is through direct extracellular pH acidification, which releases protons into the surrounding
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medium. The extent of pH reduction is influenced by factors such as the acid constant
(pKa) and dissociation constant (Ka) of the organic acid [26]. The antimicrobial efficacy of
organic acids is highly dependent on the food’s pH. When the pH is lowered below that
of the organic acids, their polarity diminishes, enhancing acid diffusion across microbial
membranes and into the cytoplasm [9]. Once inside the cytoplasm, organic acids dissociate,
releasing acid anions and protons (Figure 1). As H+ ions accumulate, the cytoplasmic pH
drops, disrupting normal cellular functions [27].
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Figure 1. Action mechanism of organic acid on microbial cells. The undissociated acid form dif-
fuses through the microbial membrane when the intracellular pH is higher than the surrounding
environment of the cell. Once inside, the intracellular pH of acid causes cell damage.

Lowering the cytoplasmic pH reduces the energy available for microbial growth and
disrupts the electrochemical gradient needed for active nutrient transport. To counteract
this acidification, microbial cells actively pump out excess protons via H+-ATPase, a process
that consumes large amounts of ATP, further depleting cellular energy stores [9]. Excess
H+ ions also cause osmotic stress, leading to cell damage and disrupting macromolecule
synthesis (nucleic acids, proteins, lipids, carbohydrates). This inhibits key enzymes such
as pyruvate decarboxylase, which is essential for energy metabolism [28]. According to
the weak acid theory, organic acids in their undissociated state exhibit higher lipophilicity,
allowing them to penetrate microbial membranes more effectively at lower pH levels, which
enhances their antimicrobial potency. Once inside, they dissociate in the neutral or slightly
alkaline cytoplasmic environment, releasing protons and acid anions that disrupt cellular
metabolism [13]. Notably, propionic acid remains undissociated at low pH, allowing it to
penetrate fungal cell membranes more effectively and disrupt essential cellular processes,
making it more potent than acetic and lactic acids in antifungal activity [29]. Additionally,
some organic acids regulate oxidative stress; for example, gallic acid exhibits strong radical-
scavenging activity, protecting cells from oxidative damage [23]. Similarly, phenyllactic
acid interferes with bacterial quorum sensing and biofilm formation, preventing microbial
adhesion [30].
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4. Antimicrobial Activities of Organic Acids and Their Interactions
4.1. Acetic Acid

Acetic acid (ethanoic acid), also known as vinegar, is a weak organic acid widely
utilized in the food industry. It serves as a significant microbial growth inhibitor in the food
industry, employed as a preservative, an efficient solvent, or an intermediate ingredient
for various commercial-grade chemicals. Acetic acid finds application as an antimicrobial
agent, a food enhancer, an acidulant, a component in food packaging materials, and even
as a ripening agent [14].

Several studies have highlighted the potential of acetic acid as a preservative agent,
capable of inhibiting the growth of food spoilage bacteria, yeast, and fungi. Research
conducted by [31] demonstrated the antimicrobial efficacy of a 1% acetic acid and 8 mM
ZnO treatment evaluated on sheep meat inoculated with L. monocytogenes PTCC1163,
E. coli PTCC1394, and S. aureus PTCC1431 at a concentration of 7 log CFU/g. After a
12-day incubation at 4 ◦C, the treatment resulted in a reduction in L. monocytogenes by
4.09–4.72 log CFU/g, E. coli by 0.84–1.24 log CFU/g, and S. aureus by 2.12–2.75 log CFU/g.
The matrix, with its higher moisture and fat content, may facilitate acetic acid penetration,
lowering its MIC compared to dry food matrices. In contrast, the study by [32] evaluated
the antimicrobial effect of acetic acid, cinnamic aldehyde, and thymol on alfalfa seeds and
sprouts, with a treatment of 1000 mg/L of air for 1, 3, and 7 h at 60 ◦C. The treatment
resulted in a >3 log10 CFU/g reduction in Salmonella spp. S. Montevideo (G4639), S. Infantis
(H3517), S. Anatum (H3536), S. Cubana (H7976), and S. Stanley H1256 after 7 h at 60 ◦C, and
a >1.7 log CFU/g reduction after 12 h at 50 ◦C. Additionally, pH was found to significantly
influence the antimicrobial activity of acetic acid. The study by [33] observed that acetic
acid, at concentrations of 0.125% w/v and 0.25%, exhibited the highest antimicrobial
activity against most bovine mastitis pathogens, including Staphylococcus spp. (S. agalactiae,
S. aureus, S. uberis, S. epidermidis, S. xylosus, S. hyicus, S. haemolyticus) and Klebsiella spp.
However, acetic acid showed reduced efficacy against E. coli in comparison to lauric and
caprylic acids. The synergic effect of organic acid and other preservatives is influenced
by pH and the targeted compound. For example, the study by [34] demonstrated that
chitosan nanoparticles (ChNPs) at concentrations of 30 mg/mL and 40 mg/mL exhibited
significant antimicrobial activity. At 30 mg/mL, ChNPs inhibited 92% of S. aureus (MTCC
734), producing a zone of inhibition of 12 mm, and 85% of E. coli (MTCC 723), with a zone of
inhibition of 14 mm. At 40 mg/mL, ChNPs inhibited 85% of both E. coli and K. pneumoniae
(MTCC 109), with a zone of inhibition of 12 mm for both pathogens.

Several studies have explored the antimicrobial properties of acetic acid, particularly
its effectiveness against fungal pathogens. In the study by [35], the synergistic effects of
formic acid and acetic acid at a concentration of 0.25% were investigated against Candida
albicans, C. guilliermondii, and C. lusitaniae. Inoculum concentrations of 105–106 CFU/mL
were exposed to acetic acid, which induced apoptosis in approximately 82% of the cells
after 4 h of exposure. This supports earlier findings, highlighting acetic acid’s ability to both
inhibit growth and induce apoptosis, especially in fungal pathogens. Further supporting
these findings, a study on Kombucha tea revealed that higher acetic acid concentrations
enhanced its antimicrobial effects, particularly against Candida krusei CCM 8271, Candida
glabrata CCM 8270, Candida albicans CCM 8186, Candida tropicalis CCM 8223, and two Gram-
negative bacteria (E. coli CCM 3954 and Haemophilus influenzae CCM 4454). Inhibition zones
of 16 mm for C. glabrata and 15.81 mm for C. krusei were observed, highlighting its potent
antimicrobial activity [36].

The antifungal effects of acetic acid were assessed, with 50 mM acetic acid completely
inhibiting the growth of C. gloeosporioides, while 30 mM acetic acid resulted in partial
inhibition. The antifungal activity was enhanced at pH 4.0. Furthermore, a combina-
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tion of 30 mM acetic acid and 0.5% hydrogen peroxide also inhibited the growth of C.
gloeosporioides KACC 40804, C. coccodes KACC 40010, and C. dematium KACC 40014. The
antifungal activity of acetic acid is enhanced at pH 4.0, due to increased lipophilicity,
which improves its penetration into microbial membranes [37]. Another investigation
by [38] demonstrated that 5% acetic acid inhibited Aspergillus flavus by approximately
0.03 log CFU/mL, P. purpurogenum by 0.40 log CFU/mL, R. nigricans by 0.09 log CFU/mL,
and F. oxysporum by 0.10 log CFU/mL. The 10% acetic acid treatment inhibited A. flavus by
approximately 0.75 log CFU/mL and P. purpurogenum by 0.65 log CFU/mL, along with a
0.25–0.40 log CFU/mL reduction in aflatoxin B1 production after 8 days of incubation at
30 ◦C. Additionally, acetic acid (pH 4.4) significantly extended the shelf life of sourdough
bread by 6 days for A. niger (FUA5001) with an MIC of 8.2 ± 3.4 mM, and by 5 days for
P. roqueforti (FUA5005) with an MIC of 25.0 ± 5.5 mM [39]. In contrast, the study by [40]
showed that 0.5% acetic acid completely inhibited aflatoxin B1 production by A. flavus,
while concentrations of 0.01% and 0.05% were ineffective, demonstrating a dose-dependent
relationship between acetic acid concentration and its antifungal activity (Supplementary
Table S1).

4.2. Adipic Acid

Adipic acid is a water-soluble dicarboxylic acid commonly found in natural sources
such as beets and sugarcane. It is used as a nontoxic food-grade additive for flavoring,
acidity regulation, and as a gelling aid [41].

Studies on the antimicrobial effects of adipic acid and its derivatives are limited. One
derivative, Poly (butylene adipate-co-terephthalate) (PBAT), is classified as a copolymer
synthesized through the copolymerization of adipic acid, 1,4-butanediol, and terephthalic
acid. These films align with the broader trend in active packaging, where antimicrobial
agents like chitosan, essential oils, and biodegradable polymers are incorporated to extend
shelf life and enhance food safety. The investigation in [42] indicates that PBAT combined
with 3 wt% nisin inhibited the growth of S. aureus (ATCC 25923), Clostridium perfringens
(ATCC 3624), and B. cereus (ATCC 9634), resulting in inhibition zones around 10 mm
after 24 h of incubation at 37 ◦C. It was particularly effective against L. monocytogenes,
highlighting adipic acid’s potential as an antimicrobial and antifungal agent for food safety
applications. PBAT-based films demonstrate antimicrobial activity, with enhanced efficacy
upon incorporation of ZnO or CNPs. Further supporting this trend, PBAT/ZnO films
exhibited antimicrobial activity: inhibition zones ranged from 11 to 14.1 mm against E.
coli and 11 to 15.1 mm against S. aureus, with the zone size increasing proportionally to
ZnO concentrations (1–10 wt%) [43]. Notably, the antimicrobial efficacy of PBAT/ZnO
films is influenced by ZnO concentration, with increased concentrations resulting in larger
inhibition zones, highlighting the importance of formulation. In acidic environments,
antimicrobial agent effectiveness increases due to better membrane penetration, while in
neutral or alkaline conditions, buffering limits its antimicrobial action [44]. Further studies
on PBAT/tannic acid/CNP films at 1.0 wt% exhibited inhibition zones of 14.0 mm against
S. aureus and 12.1 mm against E. coli, which further increased to 17.8 mm and 15.3 mm at
5.0 wt% CNPs, respectively [45].

The antifungal activity of adipic acid derivatives has also been explored. AAME
(adipic acid monoethyl ester) demonstrated significant antifungal activity against B. cinerea
(CECT2100) on tomato leaves and fruits. Treatment with 3 mM AAME reduced the growth
and hyphal development of B. cinerea on tomato leaves and fruits. Furthermore, AAME at
16 mM completely inhibited fruit infection, even after washing [46]. Similarly, treatment
with adipic acid and 5-carbamoyl ethyl pentanoate in Capsicum annuum plants infected
with A. solani resulted in a 61% reduction in necrosis, enhancing plant resistance to the



Sustainability 2025, 17, 3434 7 of 29

pathogen [47]. A PBAT/PLA film containing carvacrol concentrations (0, 2, and 5%) was
applied to bread-and-butter cake and tested against Penicillium sp., A. niger, and Rhizopus
sp. The films with 2% and 5% carvacrol effectively extended the shelf life of the cakes by
2–4 days [48]. The comparative analysis of these studies is provided in Supplementary
Table S2. These findings reinforce PBAT’s potential as a versatile platform for developing
next-generation antimicrobial packaging materials, aligning with ongoing advancements
in biodegradable and functional food packaging technologies.

4.3. Butyric Acid

Butyric acid, also known as butanoic acid or 1-Propanecarboxylic acid, is a short-chain
volatile fatty acid with applications as a flavoring agent, particularly its esters, such as
methyl, ethyl, and amyl butyrate, which are used in the food, beverage, and cosmetics
industries [49].

The study in [50] evaluated the antimicrobial efficacy of butyric acid at various concen-
trations in milk. The results indicated that butyric acid concentrations of 10 mM and 20 mM
at pH 5.0, and 40 mM at pH 5.5 and 6.0, effectively inhibited the growth of E. faecium, E.
faecalis, E. casseliflavus (ATCC 12817), and K. pneumoniae (ATCC 13883). Furthermore, the
antimicrobial activity was more pronounced at lower pH values (4.5–5.0), with a concentra-
tion of 16 mM being sufficient to prevent bacterial growth at stomach pH, demonstrating
enhanced antimicrobial efficacy at lower pH levels. The study in [51] on broilers tested
butyric acid (pH 6.4) concentrations from 250 to 7000 mg/kg, finding 90% inhibition of
S. Typhimurium at 1500 mg/kg. Butyric acid showed increased inhibition of C. perfringens
at a 105 inoculation. Additionally, 50% mono butyrin (pH 7.4) inhibited C. perfringens at
3000 mg/kg anaerobically and reduced S. Typhimurium in cecal and C. perfringens in intesti-
nal contents. Butyric acid demonstrates a concentration-dependent impact on the growth
of A. flavus (ATCC 22546) and aflatoxin production. At higher concentrations (0.5% and
0.1%), butyric acid completely inhibited fungal growth and aflatoxin B1 production [40].
In contrast, at the lower concentration of 0.01%, while fungal growth was less markedly
reduced, aflatoxin production remained unaffected. In contrast, butyric acid exhibited
significant antifungal activity at concentrations of 1000 and 2000 µmol/L, reducing mycelial
growth by 50–61% for A. solani, 48–59% for C. lagenarium, 17–33% for F. oxysporum f. sp.
cucumerinum, and 16–19% for F. oxysporum f. sp. lycopersici. At a concentration of 100
µmol/L, only A. solani mycelial growth was reduced. Furthermore, at 2000 µmol/L, spore
germination was inhibited in three fungi in PDA medium at 40–50 ◦C and pH 6.50 (Supple-
mentary Table S3) [52]. The studies demonstrate that butyric acid inhibits fungal growth
and disrupts key morphological processes essential for pathogenicity, including biofilm
formation and filamentation.

4.4. Caprylic Acid

Caprylic acid is also known as octanoic acid, which is naturally present in coconut oil
and goat’s milk. It is widely used in the food industry, particularly in confectionery and
dairy products, as an antimicrobial agent [3].

The antimicrobial activity of caprylic acid (CA) encapsulated in mesoporous silica
nanoparticles (MSPs) was reported by [53]. They demonstrated that CA-loaded MSPs
maintained their antimicrobial efficacy while enabling controlled release. Free CA inhibited
S. aureus (CECT 240) and L. monocytogenes (CECT 936) at 15–18.5 mM, E. coli (CECT 1103)
and S. enterica CECT 915 at 15–18.5 mM, and E. coli and S. enterica at 18.5–20 mM, while
CA-loaded MSPs exhibited activity against S. aureus and L. monocytogenes at 20–22.5 Mm,
emphasizing the role of formulation in optimizing antimicrobial efficacy through sustained
release and stability. The study by [54] demonstrated that caprylic acid and monocaprylin
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(MC) effectively reduced E. coli O157:H7 (E6, E10, E22, E137, and E 7927) and L. monocyto-
genes (ATCC 19115, Scott A, LM24, LM25, and LM116) populations in milk. At 50 mM, both
compounds decreased microbial populations below the detectable limit after 48 h at 4 ◦C.
At 25 mM, the compounds reduced microbial populations by 5.0 log CFU/mL within 6 h at
37 ◦C, showing that temperature and concentration significantly influence antimicrobial ef-
fectiveness, with lower temperatures requiring prolonged exposure for complete microbial
reduction. Another investigation [55] reported that monocaprylin (1.28 mg/mL) effectively
reduced E. coli (ATCC 25922) and S. aureus (ATCC 25923) populations by >5.5 log CFU/mL
within 6 h at 25 ◦C. After 12 h, E. coli showed a reduction of 5.0 log CFU/mL and S. aureus
decreased by 2.9 log CFU/mL. Another derivative of caprylic acid, monocaprin, with
an MIC of 0.32 mg/mL, was effective against S. aureus (AS1.89), B. subtilis (AS1.1849),
P. aeruginosa (AS1.10452), and E. coli (AS1.90) at pH 7.0–9.0. However, its antimicrobial
activity was significantly reduced at weakly acidic pH 6.0, demonstrating pH-dependent
effectiveness [56]. Caprylic acid and its derivatives exhibit antimicrobial efficacy primarily
within neutral to slightly alkaline pH ranges.

Caprylic acid was also studied for its effects on C. albicans (ATCC 90028), showing
biofilm inhibition, reduced adhesion, and impaired hyphal development. It effectively
inhibited virulence factors at concentrations between 0.25 and 2 mg/mL. At 0.25 mg/mL,
caprylic acid caused 5% hemolysis, while capric acid caused 90% at the same concen-
tration [57]. Another study by [58] demonstrated the synergistic antimicrobial effect of
caprylic acid (pH 4.8) at MICs of 0.01 to 0.03% and polygalacturonic acid at 0.25 to 1%. The
combination effectively eradicated biofilms within 30 to 60 min for MRSA, P. aeruginosa,
C. albicans, and E. coli, highlighting synergistic effects. Another recent study by [52] also
shows that caprylic acid inhibits C. albicans with a zone of inhibition diameter of 4.0 mm
and an MIC of 40 µg/mL. Beyond its potential anticandidal activity, caprylic acid has also
shown efficacy in inhibiting the growth of spore-forming fungi. In a study performed
by [59], caprylic acid (pH 6.5) at 2000 µmol/L exhibited antifungal activity by inhibiting
the mycelial growth of A. solani, C. lagenarium, F. oxysporum f. sp. cucumerinum, and F.
oxysporum f. sp. lycopersici. At 1000 µmol/L, it demonstrated selective inhibition against
F. oxysporum f. sp. cucumerinum and F. oxysporum f. sp. lycopersici; it was also effective in
inhibiting spore germination, except in the case of A. solani. A bioactive subfraction from
Vitex mollis fruit, sHF3, containing methyl 4-decenoate, caprylic acid (MIC: 0.125 mg/mL),
and 24-methylencycloartanol, exhibited strong antifungal activity against Colletotrichum
gloeosporioides. At 0.50 mg/mL, sHF3 inhibited spore germination to 5% within 8 h, in
contrast to 80% germination in control and thiabendazole treatments. The antifungal action
was associated with membrane disruption in both spores and mycelia [60]. These findings
further emphasize that caprylic acid’s antimicrobial activity varies based on pH, concen-
tration, formulation, and microbial species, highlighting the importance of optimizing
conditions for its effective application (Supplementary Table S4).

4.5. Citric Acid

Citric acid, also known as a tricarboxylic acid, is naturally found in citrus fruits such
as limes, lemons, oranges, pineapples, and grapefruits. It is in high demand globally due
to its various applications as an antimicrobial, flavor enhancer, pH regulator, firming agent,
and pharmaceutical reagent. In the food industry, it is widely utilized for its antioxidant
properties to preserve food and as an acidifier to enhance the flavors and aromas of fruit
juices, ice creams, and marmalades [17].

Numerous studies have been published in the literature about the antimicrobial effects
of citric acid. In an early study, it was reported that, on a molar basis, citric acid possesses
stronger inhibitory properties compared to lactic and acetic acids [61]. The investigation
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by [62] on the inhibitory capacities of hydrochloric, citric, acetic, lactic, propionic, and phos-
phoric acids against Yersinia enterocolitica in tryptic soy broth after 24 h at 25 ◦C showed that
citric acid exhibited the strongest antimicrobial activity on an equimolar basis. Citric acid’s
activity against Shigella species in plant-based foods, such as tomatoes, lettuce, onions, and
parsley, was examined by [63]. Citric acid (pH 4) at 300 ppm exhibited limited inhibitory
effects on S. flexneri, achieved 5 log reduction in S. dysenteriae after 10 h of treatment at
37 ◦C in TSB medium. S. sonnei (KCCM 40949) was reduced by approximately 3 logs
after 1 h, and S. boydii (KCCM 41649) and S. flexneri (KCCM 40948) showed reductions
of approximately 2 and 1 log, respectively. In lettuce, citric acid for 30 s reduced S. boydii
(KCCM 41649), S. flexneri (KCCM 40948), and S. sonnei (KCCM 40949) by 0.7, 1.6, and
1.2 log CFU/g, respectively. Some bacterial species may exhibit greater resistance, particu-
larly in the presence of protective biofilms. Furthermore, many articles have been published
on the antimicrobial activity of citric acid, particularly its role as a co-antimicrobial agent,
demonstrating synergistic effects when combined with other bio-preserving agents against
bacteria. For instance, LAB (lactic acid bacteria) combined with 1% citric acid (pH 3)
reduced E. coli O157:H7 (ATCC 43889) to 5.45 log CFU/mL and S. Typhimurium (ATCC
41374) to 3.61 log CFU/mL in 60 min. At 2% citric acid, reductions of 1.96 log CFU/mL
for E. coli O157:H7 (ATCC 43889) and 6.24 log CFU/mL for S. Typhimurium (ATCC 41374)
were observed [64]. Similarly, ref. [65] evaluated the antimicrobial efficacy of citric acid
and acetic acid (1.4% + 0.3%, 1.0% + 0.4%) on E. coli O157:H7, S. aureus (ATCC 25923),
and S. Typhimurium (ATCC 14028) in salads. The study demonstrated that E. coli O157:H7
and S. Typhimurium were reduced to undetectable levels within 3 days at 21 ◦C, while S.
aureus showed a 2 log CFU/g reduction at 4 ◦C after 7 days. These findings indicate that
citric acid is particularly effective against Gram-negative bacteria like E. coli and Salmonella,
whereas Gram-positive bacteria like S. aureus may exhibit slightly greater resistance. These
findings are consistent with [66], demonstrating the synergistic antimicrobial effects of
nisin and citric acid. The combination of nisin (16 µg/mL) and citric acid (0.25 mg/mL)
exhibited a substantial reduction in bacterial counts in pasteurized milk, with a ≥2 log
CFU/mL decrease in L. monocytogenes and S. aureus after 24 h of treatment. The MICs for
S. aureus ranged from 0.25 to 0.375 mg/mL, while for L. monocytogenes, the MICs ranged
from 0.19 to 0.375 mg/mL. Furthermore, a significant 3.8 log CFU/mL reduction in L.
monocytogenes was observed after just 10h of exposure. The synergistic use of bacteriocins
and organic acids offers an effective approach to improving antimicrobial activity in food
preservation, particularly in controlling pathogenic bacteria in dairy products. This strategy
allows for the reduction in organic acid concentrations while retaining their antimicrobial
effectiveness, optimizing food safety.

The antifungal activity of citric acid, in combination with tartaric acid, was investigated
by [67] against T. mentagrophytes, C. albicans, A. fumigatus, and M. furfur. The MIC and MFC
values were found to be 5% and 2.5%, respectively, for T. mentagrophytes and C. albicans; 5%
and 1.25% for A. fumigatus; and 10% and 5% for M. furfur. The combination demonstrated
stronger antifungal activity compared to tartaric acid alone, exhibiting similar effects to
citric acid. The effect of citric acid at pH values of 3.0, 4.0, and 4.5 on S. cerevisiae and Z.
bailii was investigated by [68]. At pH 3.0, citric acid reduced the maximum specific growth
rate (µmax) of both yeasts by approximately 0.57 log CFU/mL, with no impact on biomass
yield (Ysx). At pH 4.0, µmax decreased by 0.82 log CFU/mL, and Ysx by 0.23 log CFU/mL.
At pH 4.5, µmax was reduced by 0.84 log CFU/mL, and Ysx by 0.46 log CFU/mL. The
citric acid exhibits pH-dependent antifungal activity, inducing greater metabolic disruption
at higher pH levels. A study by [38] found that citric acid at 5% inhibited the growth of A.
flavus, P. purpurogenum, R. nigricans, and F. oxysporum by approximately 0.02, 0.40, 0.86, and
0.24 log CFU/mL, respectively, after 8 days of incubation at 30 ◦C. When the concentration
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increased to 10%, the reduction increased to approximately 0.75, 0.88, 1.04, and 0.93 log
CFU/mL, respectively, for the same incubation period. These studies collectively emphasize
citric acid’s effectiveness as an antimicrobial and antifungal agent, particularly at lower pH
and higher concentrations (Supplementary Table S5).

4.6. Fumaric Acid

Fumaric acid, also known as (E)-2-butenedioic acid or trans-1,2-ethylenedicarboxylic
acid, is recognized as one of the relatively strongest weak organic acids. It is widely
applied across industries, including the food, chemical, agriculture, and biomedical fields.
Additionally, it serves as a food acidulant and beverage ingredient owing to its non-toxic
nature [17].

Studies on fumaric acid consistently demonstrate strong antibacterial activity against
E. coli O157:H7 (NCTC 12079), S. typhimurium (ATCC 14028), and L. monocytogenes (ATCC
19111). Published research has shown that fumaric acid, both alone and in combination
with other antimicrobial agents like chlorine dioxide and nisin, effectively reduces microbial
populations in food systems. For example, ref. [69] showed that the combined treatment
of 50 ppm chlorine dioxide (ClO2) and 0.5% fumaric acid effectively reduced microbial
populations in broccoli sprouts during storage. It achieved a 2.39 log CFU/g reduction
in E. coli O157:H7 (NCTC 12079), 2.74 log CFU/g in S. typhimurium (ATCC 14028), and
2.65 log CFU/g in L. monocytogenes (ATCC 19111). Additionally, it reduced total aerobic
bacteria and yeasts/molds by 2.70 log CFU/g and 2.46 log CFU/g, respectively, compared
to the control. This treatment offers a viable alternative to chlorine-based methods for en-
hancing microbial safety. Another study [70] demonstrated that fumaric acid (0.25%, pH 2.4;
0.5%, pH 2.3) effectively inactivated E. coli (ATCC 43894), L. monocytogenes (ATCC 19115),
and S. Typhimurium (ATCC 14028) after 1 min of dipping at temperatures ranging from
25 ◦C to 60 ◦C, achieving complete inactivation of these pathogens at all tested temperatures.
S. aureus (ATCC 12598) was reduced by 3.95–5.76 log CFU/mL, with no significant increase
in reduction observed when the temperature was increased from 40 ◦C to 60 ◦C. At the
lower concentration (0.125%, pH 2.6), reductions in E. coli (ATCC 43894), L. monocytogenes
(ATCC 19115), and S. Typhimurium (ATCC 14028) ranged from 3.20 to 4.97 log CFU/mL at
25 ◦C and 4.05 to 5.44 log CFU/mL at 40 ◦C. The effectiveness of fumaric acid increased
with both concentration and temperature. In the study by [71], the treatment involving
the addition of 0.2% calcium oxide (CaO) and 0.5% fumaric acid, followed by exposure to
slightly acidic electrolyzed water (SAEW) for 3 min and incubation at 4 ◦C, resulted in the
highest microbial reduction among all tested groups. Total aerobic bacteria reduced by 4.08
log CFU/g, coliforms by 4.29 log CFU/g, and yeast and mold by 4.27 log CFU/g, with
apples exhibiting the greatest reduction. Additionally, significant reductions were observed
for E. coli O157:H7 (4.06–4.80 log CFU/g) and L. monocytogenes (4.06–5.35 log CFU/g),
with mandarins showing the highest pathogen inactivation. Furthermore, the authors
of [72] support fumaric acid’s rapid antimicrobial action, as 15 s treatment with 3% fumaric
acid on chicken meat reduced Salmonella (S. enterica subsp. enterica serotypes Typhimurium,
Enteritidis, S. Thompson, S. Heidelberg, and S. Schwarzengrund) by approximately 2.22 log
CFU/g at 4 ◦C. The application of fumaric acid in combination with ultraviolet-A (UV-A)
irradiation has proven effective in reducing bacterial contamination in liquid food systems.
For example, ref. [73] found that a combination of 0.1% fumaric acid and UV-A for 30 min
at 25 ◦C resulted in reductions of 3.15 log CFU/mL in E. coli O157:H7 (ATCC 35150, ATCC
43889, and ATCC 43890), 2.21 log CFU/mL in S. Typhimurium (ATCC 19585, ATCC 43971,
and DT 104), and 3.43 log CFU/mL in L. monocytogenes (ATCC 15313, ATCC 19111, and
ATCC 19115) in apple juice, without significantly altering the pH (remaining at pH 3.0).
Furthermore, ref. [74] demonstrated that nisin-loaded chitosan-monomethyl fumaric acid
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nanoparticles (CM-Ns) in orange juice (at 2.7 mg/mL) led to significant reductions in S.
aureus (4.09 log CFU/mL), L. monocytogenes (3.65 log CFU/mL), and E. coli O157:H7 (3.0 log
CFU/mL) over a 48 h period at 4 ◦C. In an antifungal study of fumaric acid, the effect of
various organic acids combined with thermal treatment on Talaromyces flavus FRR-1265 and
FRR-2386 ascospores was evaluated by [75]. The results indicated that in the case of 0.5%
(w/v) fumaric acid, complete inactivation of T. flavus ascospores occurred within 20 min at
80 ◦C at pH 2.5–3.0. At pH 3.5, full activation was achieved within 20 min, followed by
inactivation after 40 min. At pH 4.0, activation occurred within 20 min, but spores remained
viable throughout the 100 min treatment. At pH 5.0, inactivation was not achieved even
after 100 min. At 1.0% (w/v), inactivation was enhanced, but effectiveness decreased with
increasing pH. Additionally, concentrations as high as 2.5% of malic, citric, and tartaric
acids failed to affect the ascospores (Supplementary Table S6).

4.7. Lactic Acid

Lactic acid (2-hydroxypropanoic acid) is a natural substance found in various fruits
and fermented products. It is recognized for its multifunctional roles, including antimi-
crobial activity against foodborne pathogens, flavor enhancement, antioxidant properties,
acidulant functions, flavoring, and as a pH buffering agent [19].

Lactic acid has been widely recognized as an effective antimicrobial agent in food
preservation, particularly in controlling E. coli, Salmonella, and L. monocytogenes across
different food products. For instance, the study by [76] on beef treated with 1.2% acid for
120 s at 1–2 ◦C showed a 2.0 log CFU/g reduction in E. coli. Although the antimicrobial effect
decreased over time, inhibition persisted for up to 9 days. In comparison, another study
by [77] evaluated the application of a 3% lactic acid and 3% acetic acid combination to pork
meat surfaces, demonstrating significant antimicrobial activity. Psychrotrophs reduced to
2.87 log CFU/cm2 after 24 h, with a subsequent moderate increase to 5.04 log CFU/cm2 by
day 14. Enterobacteriaceae decreased to 0.51 log CFU/cm2 within the first 24 h but increased
to 2.75 log CFU/cm2 by day 14. Aeromonas spp. was completely inhibited by day 5, while
Yersinia spp. was completely inhibited by day 5. The combination of lactic and acetic
acids on pork provides a broader range of microbial inhibition; however, its effectiveness
decreases over time. In poultry, the study in [78] demonstrated that a spray (5 s) exposure
to 2.5% lactic acid and citric acid reduced Salmonella (Typhimurium ATCC 14028, Heidelberg
Sheldon 3347-1, and Enteritidis phage type 13) by 1.3 log CFU/mL, while dip treatments
(5–20 s) achieved a 2.3 log CFU/mL reduction. In beef trim inoculated with E. coli O157:H7
and Salmonella (104 CFU/mL), lactic acid alone reduced E. coli by 1.4 log CFU/mL and
Salmonella by 1 log CFU/mL. These reductions, while significant, often diminish over
time, suggesting a transient antimicrobial effect that requires optimization for long-term
efficacy. Lower pH enhances bacterial inhibition, as seen in its ability to disrupt E. coli
and S. aureus, with inhibition zones ranging from 24 mm (E. coli) to 38.3 mm (E. faecalis),
and MIC of ≥1.25 mg/mL, as demonstrated by the study in [19]. However, the buffering
capacity of complex food matrices can minimize acidification effects, leading to variability
in efficacy. For instance, the study in [79] reported that a 1.0% lactic acid treatment alone
achieved only a 0.5 log reduction in L. monocytogenes on lettuce after 10 min at 22 ◦C,
while the combination of 1.0% lactic acid and 100 ppm chlorine enhanced the reduction
to 1.1 log CFU/g, highlighting the benefits of combination treatments. This suggests that
food composition, including protein, fat, and carbohydrate content, may influence lactic
acid’s penetration and long-term stability. Additionally, lactic acid has been shown to
inhibit biofilm formation and quorum sensing, as demonstrated in the study in [80], which
found that a 2% lactic acid treatment on cucumbers resulted in a 1 log reduction in E. coli
(MTCC 727) and S. typhimurium (ATCC 14028) over six days at 15 ◦C. Moreover, it reduced
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E. coli biofilm formation by 0.4 log CFU/g and extracellular polymeric substance (EPS)
production by 0.1 log CFU/g, indicating anti-quorum sensing activity. However, despite
its initial effectiveness, lactic acid’s antimicrobial activity diminishes over time, suggesting
a need for optimization to prolong its effects in food preservation.

The study by [81] found that lactic acid and n-butyl lactate inhibited various yeasts and
molds, such as S. cerevisiae, A. niger, T. viride, P. cyclopium, and P. fluorescens, by 100% after
72 h. This suggests a broad-spectrum antifungal activity, a finding that aligns with the study
by [82], which examined the in vitro antifungal activity of lactic acid (20–500 mM) against
yeast (Pichia anomala J121, Rhodotorula mucilaginosa J350 (CFSQE 63), and Kluyveromyces
marxianus J367 (CBS 1555)) and fungi (Aspergillus fumigatus, Aspergillus nidulans J283 (FSGC
A4wt), Penicillium commune J238 (IBT 12400), P. roqueforti J268 (IBT 6754), and Fusarium
sporotrichioides J304 (ITEM 168) at varying pH levels. For yeasts, lactic acid is effective at
20 mM to >500 mM at pH 3, 60 mM to >500 mM at pH 5, and 500 mM at pH 7. In fungi,
the range varied from 8 mM to 500 mM at pH 3, 20 mM to 120 mM at pH 5, and 50 mM
to >500 mM at pH 7. The research by [83] assessed the antifungal properties of lactic acid
and acetic acid against A. flavus. The MICs for lactic acid and acetic acid were 357.7 mM
and 41.6 mM. A synergistic effect was demonstrated at 78.0 mM lactic acid and 31.2 mM
acetic acid, at pH 3.38, that effectively inhibited fungal growth. Furthermore, the effect
of lactic acid on antifungal activity and toxin production was investigated by [38]. The
application of 10% lactic acid concentration demonstrated significant antifungal activity,
particularly against F. oxysporum growth, resulting in an approximately 1.37 log CFU/mL
reduction and a 0.19 log CFU/mL decrease in aflatoxin B1 production. Similarly, inhibition
rates of 0.046 log CFU/mL, 0.08 log CFU/mL, and 0.11 log CFU/mL were observed for A.
flavus, P. purpurogenum, and R. nigricans, respectively. It highlights lactic acid’s effect against
fungi toxin production, which is particularly relevant for food safety applications. The
antifungal activity study revealed that the MICs of lactic acid for the yeasts Rhodotorula sp.,
C. albicans, and S. cerevisiae were 12.50, 18.75, and 37.50 mg/mL, respectively. The fungicidal
concentrations for these species were 25, 37, and 75 mg/mL, respectively. Notably, S.
cerevisiae required high lactic acid concentrations due to its lower sensitivity. These findings
reveal that high concentrations of lactic acid required for effective antifungal activity present
challenges in food applications, primarily due to sensory impacts and cost. Similarly, acetic
and propionic acids also require specific concentrations to achieve efficacy. Synergistic
combinations of lactic acid with these acids, or the use of controlled-release technologies,
could enhance antifungal effectiveness while reducing the necessary concentrations and
minimizing adverse effects on food quality (Supplementary Table S7).

4.8. Malic Acid

Malic acid is a dicarboxylic acid and, along with citric acid, is one of the two most
prevalent organic acids found in fruits. It serves as the predominant acid in many fruits,
including apples, bananas, litchis, and plums. Currently, the primary application of malic
acid is in the food and beverage industry, where about 85–90% of the currently produced
malic acid is utilized. It is widely used as an acidulant and flavor enhancer in products
such as candies, soft drinks, bakery items, and jellies [84].

According to the published literature, malic acid exhibits stronger antimicrobial ac-
tivity against bacteria compared to yeast and fungi. The antimicrobial activity of malic
acid against S. Enteritidis 1.82 (NCTC 9001), L. monocytogenes 1.131 (CECT 932), and E. coli
O157:H7 (CECT 4267) in fruit juices (apple, pear, and melon) was investigated by [85].
Results showed that higher concentrations, approximately 1.5–2.5% v/v of malic acid,
were efficacious in reducing and inactivating microorganisms by more than 5 log cycles in
24 h at 5 ◦C. The effective concentrations at 20–35 ◦C were 0.2% (apple), 0.4% (pear), and
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0.6% (melon) for L. monocytogenes and S. Enteritidis, while E. coli required 0.6% (apple), 1%
(pear), and 2% (melon). Lower malic acid concentrations were required for inactivation
of microorganisms at high temperature. Similarly, the study by [86] demonstrated that a
2.6% concentration of malic acid (pH 3.35) reduced the populations of L. monocytogenes,
S. gaminara, and E. coli O157:H7 from 8.3, 9.0, and 8.9 log CFU/mL to 5.5, 3.0, and 6.8 log
CFU/mL at 25 ◦C, respectively. The extent of inactivation depended on the concentration
of malic acid, storage temperature, and time. Studies by [85,86] highlight that malic acid’s
antimicrobial activity increases with concentration and is temperature-dependent. The
study by [87] evaluated the synergistic antimicrobial effect of malic acid and acetic acid on
Salmonella spp. in chicken. The treatment, using 5 mg/mL of both acids, led to the complete
elimination of Salmonella (S. Heidelberg 271, S. Typhimurium 02:8423, S. Copenhagen PT 99, S.
Enteritidis CRIFS 1016, and S. Kentucky 64701) at both 4 ◦C and 21 ◦C after 21 days of storage.
In another study, the 8 min ultrasound treatment with a concentration of 1% malic acid
in lemon juice reduced the initial bacterial count from between 7.2 and 7.6 log CFU/mL
to 5, 4.6, 3.5, and 3.8 log CFU/mL for S. Typhi (PTCC 1609), S. dysenteriae (PTCC 1188),
L. monocytogenes (PTCC 1298), and S. flexneri (PTCC 1865), respectively [88]. In a recent
investigation by [89], the antibacterial activity of malic acid derived from natural extracts
of Dillenia indica was explored. The MICs for S. aureus, P. vulgaris, and P. aeruginosa were
150 µg/mL, 200 µg/mL, and 100 µg/mL, and the corresponding MBCs were 450 µg/mL,
600 µg/mL, and 500 µg/mL, respectively. A 0.6% malic acid concentration demonstrated
maximum inhibition, with zone diameters of 12 ± 0.2 mm for S. aureus, 9 ± 0.1 mm for P.
vulgaris, and 18 ± 0.2 mm for P. aeruginosa.

The inhibitory effects of malic acid (3.0% w/v), nisin (50 IU/mL), and natamycin
(0.005 g/mL) film coating (pH 3) on cheese surfaces were investigated by [90]. Results
revealed that L. monocytogenes, P. aeruginosa, Yarrowia lipolytica, and P. roqueforti produced
zones of inhibition with diameters of 3.3 mm, 1.0 mm, 8.4 mm, and 12.4 mm, respectively.
Another study examined the antifungal activity and toxin production, conducted by [38].
The study found that treatment with 5% malic acid inhibited the growth of A. flavus,
P. purpurogenum, R. nigricans, and F. oxysporum by approximately 0.09, 0.91, 0.32, and
0.29 log CFU/mL, respectively. Increasing the malic acid concentration to 10% enhanced
the inhibition, resulting in reductions of 0.34, 1.25, 0.69, and 0.79 log CFU/mL for A.
flavus, P. purpurogenum, R. nigricans, and F. oxysporum, respectively. The antimicrobial
effect of maleic acid-capped silver nanoparticles was investigated by [91]. The MICs for
Gram-negative and Gram-positive bacteria were 5 ppm and 25 ppm, respectively. At a
concentration of 100 ppm (100 µg/mL), the maleic acid-capped AgNPs exhibited distinct
inhibition zones as follows: M. luteus (ATCC 10240) (1.25 ± 0.9 cm), S. aureus (ATCC
6538) (1.21 ± 0.75 cm), B. subtilis (ATCC 6633) (1.31 ± 0.23 cm), A. tumefaciens (AT-10)
(3.1 ± 1.33 cm), S. Setubal (ATCC 19196) (1.66 ± 0.5 cm), and E. aerogenes (ATCC 13048)
(3.23 ± 0.34 cm). Furthermore, at a higher concentration of 500 ppm, maleic acid-capped
AgNPs exhibited a growth inhibition of 50.56% against A. flavus and 25.72% against A.
niger. Based on these findings, the food matrix might reduce the effectiveness of malic acid
due to factors like reduced acid availability and binding to food components. Thus, further
studies are needed to evaluate how the food matrix influences malic acid’s antimicrobial
activity, particularly in complex food environments (Supplementary Table S8).

4.9. Phenyllactic Acid

Phenyllactic acid, also known as 2-hydroxy-3-phenylpropanoic acid, is a naturally
occurring compound found in various plants and food products, including Chinese herbs,
peanut skins, rye, honey, and fermented milk. It finds extensive use in food safety, as well
as in the feed, pharmaceutical, and cosmetic industries [21].



Sustainability 2025, 17, 3434 14 of 29

The antimicrobial activity of phenyllactic acid was studied by [21], revealing that the
MICs for L. monocytogenes, E. coli were 1.25 mg/mL and 2.5 mg/mL, respectively. Based on
the MIC, the growth of L. monocytogenes was inhibited after 2 h of exposure to PLA, whereas
E. coli required 12 h for inhibition. A subsequent study by [92] on beef demonstrated that
1.5% phenyllactic acid reduced E. coli O157:H7 and S. Typhimurium by 0.38 log CFU/g
and 0.86 log CFU/g within 5 min at 21 ◦C. Additionally, in treated beef stored at −20 ◦C
for 7 days, the inactivation of E. coli O157:H7 and S. Typhimurium was enhanced, with
reductions of 1.06 and 1.46 log CFU/g, respectively. This highlights the effectiveness of
phenyllactic acid in reducing bacterial populations on beef and its enhanced inactivation
potential when combined with freezing, suggesting that these methods may help opti-
mize phenyllactic acid’s use in food preservation and pathogen control. The study by [30]
demonstrated that phenyllactic acid exhibits significant antibiofilm activity, resulting in
a reduction in Enterobacter cloacae populations by approximately 6 log CFU/mL, while
biofilm formation was inhibited by approximately 2.83 log CFU/mL after a 10 min expo-
sure. Phenyllactic acid (10 mg/mL) in combination with bacteriocin XJS01 (2.0 mg/mL)
was evaluated by [93] for its antibacterial and biofilm-inhibitory effects against Shigella
flexneri. The MICs of phenyllactic acid and XJS01 were 2.45 mg/mL and 18.75 µg/mL,
respectively. Treatment with 1/2MIC significantly reduced S. flexneri, achieving a reduc-
tion to 2.88 ± 0.17 log10 CFU/mL, compared to the control (8.06 ± 0.31 log10 CFU/mL).
Additionally, this combination was effective in inhibiting biofilm formation.

An investigation by [94] demonstrated that phenyllactic acid, produced by Bacillus
licheniformis isolated from fermented soybeans, exhibited inhibition at concentrations of
250 µg and 500 µg. At a concentration of 500 µg, the inhibition zones were observed to
increase as follows: S. aureus (KCTC 1928): 13.2 mm; S. epidermidis (KCTC 1917): 12.8 mm;
B. subtilis (KCTC 1928): 13.3 mm; L. plantarum (KCTC 3104): 11.2 mm; L. mesenteroides
(KCTC 3100): 9.2 mm; M. luteus (KCTC 3523): 12.7 mm; S. pyogenes (KCTC 3096): 8.2 mm;
E. coli (ATCC 10536): 13.7 mm; P. aeruginosa (KCTC 2513): 8.8 mm; C. albicans (KCTC
7965): 8.2 mm; and S. cerevisiae (KCTC 7904): 7.8 mm. In addition, phenyllactic acid
demonstrated fungicidal activity, with MIC and MFC ranging from 3.7 to 7.5 mg/mL
and 3.7 to 10 mg/mL, respectively. At concentrations of 5 and 7.5 mg/mL, phenylacetic
acid caused significant inhibition, reducing fungal growth by 1.5–2 log CFU/mL across
various fungal strains, including P. roqueforti (IBT1868), A. niger (FTDC322), A. flavus
(FTDC3226), P. citrinum, P. verrucosum (FR22625), Fusarium spp. (ITEM515), P. chrysogenum
(ITEM5151), P. commune (ITEM5150), and P. solitum (ITEM5149) after 72 h of incubation [95].
Furthermore, phenyllactic acid exhibited significant antifungal activity against Penicillium
digitatum (INTA 2) at a concentration of 0.8 mM, with growth inhibition assessed after
72 h at pH 5. The antifungal potential of phenyllactic acid was found to be about 600-
fold more effective compared to lactic acid [96]. Another study by [97] determined the
MICs of phenyllactic acid as 25 mM for P. roqueforti, 60 mM for A. niger, and 30 mM for C.
cladosporioides. At pH 4.4, A. niger exhibited growth similar to the control, while at pH 2.9,
growth was significantly inhibited, demonstrating that phenyllactic acid’s inhibitory effect
is more pronounced under acidic conditions. Additionally, increasing the concentrations
resulted in a dose-dependent reduction in both growth and sporulation of A. niger. In
comparison, the study by [98] identified energy metabolism as the target of phenyllactic
acid against R. oryzae, with an MIC of 8 mg/mL, where it inhibits glycolytic and TCA cycle
enzymes, reducing ATP production and inducing ROS-mediated apoptosis, emphasizing
the potent effect on fungal growth and metabolic disruption under different experimental
conditions. Phenyllactic acid exhibits potent antimicrobial and antibiofilm activity, yet its
use in food preservation is limited by uncertainties in stability, synergy, and regulatory
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approval (Supplementary Table S9). Future research should assess its efficacy in diverse
food matrices and clarify its mechanisms.

4.10. Propionic Acid

Propionic acid, also known as ethane carboxylic acid, is naturally present in low quan-
tities in milk and higher concentrations in dairy products such as yogurt and cheese [99]. It
has gained significant attention for its diverse applications, serving as an antimicrobial and
anti-inflammatory agent, herbicide, food preservative, and artificial flavoring [100].

The potential antimicrobial activity of propionic acid on various bacteria, yeasts, and
fungi makes it an effective alternative to synthetic preservatives. It has shown potential
in reducing Salmonella spp. and also other bacteria (such as E. coli, E. freundii, Proteus
vulgaris, P. aeruginosa, P. fluorescens, and Serratia marcescens) in poultry, as investigated
by [101]. Concentrations ranging from 0.2% to 0.4% have been observed to inhibit microbial
growth. In another investigation by [102], the antimicrobial properties of propionic acid
were assessed across various microorganisms. The study demonstrated that for bacte-
ria (A. aceti (KCTC12290), A. calcoaceticus (NCCP16013), A. salmonicida (KCCM40239), C.
coli (ATCC33559), C. jejuni (ATCC33560), E. coli (NCCP16186, 16185), and S. Typhimurium
(NCCP12441, 12219), MICs ranged from 400 ppm to 1600 ppm, indicating a strong bac-
teriostatic effect. Yeasts (C. lipolytica (NCCP32688), S. cerevisiae (KCTC7296), B. bruxel-
lensis (KCCM11490), D. hansenii (KCCM50192), and M. guilliermondii (KCTC27416)) re-
quired higher concentrations, ranging from 1600 ppm to 6400 ppm, to effectively inhibit
their growth. Fungal species (A. flavus (KCCM60330), A. niger (NCCP32627), A. oryzae
(NCCP32629), A. versicolor (KCCM60336), C. cladosporioides (KCTC26745), C. sphaerosper-
mum (KCTC26739), G. capitatum (NCCP32601), M. plumbeus (KCCM60265), P. roqueforti
(KCTC6080), and R. oryzae (KCTC46312) exhibited moderate resistance with MICs between
800 ppm and 3200 ppm. Additionally, the antimicrobial effectiveness of propionic acid was
influenced by the type of food matrix, with unprocessed animal products demonstrating
lower MIC values compared to processed foods, due to differences in pH and composition.
Propionic acid (1.25–2000 mM) also inhibits the growth of bacteria and yeast, as noted
by [103]. For instance, it reduces the growth of S. aureus ATCC 6538P by 1 log CFU/mL at
concentrations above 25 mM and completely suppresses it at concentrations of 100 mM
or higher. It inhibits the growth of C. albicans and E. coli ATCC 8739 at concentrations
exceeding 10 mM, with complete elimination observed at 25 mM and 50 mM, respec-
tively. Propionic acid was examined at the range between 3.6 and 14.0 mM, with MICs of
7.0 ± 0.2 mM for E. coli, 6.1 ± 0.1 mM for K. pneumoniae (MSCL535), 5.7 ± 0.4 mM for P.
aeruginosa (ATCC 9027), 3.6 ± 0.3 mM for B. subtilis (ATCC 6633), and 10.2 ± 0.9 mM for
S. aureus (ATCC 6538P). Propionic acid showed the strongest inhibition against B. subtilis,
with similar activity to acetic acid against E. coli, and comparable effects to acetic and formic
acids against K. pneumoniae, P. aeruginosa, and S. aureus [104].

The antifungal activity and toxin production inhibition properties of propionic acid
were explored by [38]. Treatment with 5% propionic acid inhibited A. flavus, P. pur-
purogenum, R. nigricans, and F. oxysporum by approximately 0.133, 0.092, 0.085, and 0.084 log
CFU/mL, respectively. At a 10% concentration, the inhibition percentages increased to 0.225,
0.166, 0.134, and 0.119 log CFU/mL, respectively. The synergistic antifungal effects of propi-
onic acid with lactic and acetic acids were examined on mold isolated from bakery products
by [29]. The MICs were as follows: A. niger (UBOCC-A-112064) (18.8 mmol/L), P. cory-
lophilum (UBOCC-A-112081) (19.4 mmol/L), and E. repens (UBOCC-A-112075) (8.7 mmol/L).
The combination of acetic acid (5 mmol/L) and propionic acid (15 mmol/L) led to complete
inhibition of growth in A. niger and P. corylophilum after 35 days at pH 3.8 and 25 ◦C. In
another study on the fungicidal effects of propionic acid, MIC values ranged from 6.1 to
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31 mM. A. chevalieri exhibited an 80% reduction in germination rate, while A. proliferans
showed a 49% reduction, resulting in 62% cell death. P. lanosocoeruleum exhibited a 28%
decrease in conidia germination and extensive biofilm cell death (85%) after a 30 min
treatment with 31 mM propionic acid (pH 3.9) [105]. The observed variability in MIC
values and inhibition highlights the differential susceptibility of fungal species to propionic
acid, with its activity being influenced by both concentration and environmental factors,
particularly pH (Supplementary Table S10).

4.11. Gallic Acid

Gallic acid (3,4,5-trihydroxybenzoic acid) is a phenolic acid naturally found in bever-
ages such as red wines and green tea, as well as in fruits including strawberries, berries,
and grapes (especially in grape seeds). It is widely utilized in the food industry as an
antioxidant, antimicrobial agent, stabilizer, and material for food packaging. Specifically, it
serves as an antimicrobial agent, food preservative, oil stabilizer, active ingredient in food
packaging materials, and stabilizer in food processing [23].

Antimicrobial studies of gallic acid against Pseudomonas strains to prevent the spoilage
of black truffles were investigated by [106]. The results showed an MIC of 2.5 mg/mL
for P. fragi (DSMZ 3456) and P. putida (DSMZ 291), while P. fluorescens (DSMZ 50090) had
an MIC value of 5 mg/mL. The log reductions observed in the microbial populations of
black truffles treated with 2.5 mg/mL gallic acid for 10 min and stored at 4 ◦C for 28 days
were as follows: 1.2 log for Total Mesophilic Count (TMC), 1.1 log for Pseudomonas spp.,
0.25 log for Enterobacteriaceae, and 0.87 log for Eumycetes. Antimicrobial films aimed at
inhibiting C. jejuni NCTC12145 growth by incorporating gallic acid into zein-based films
were investigated by [107]. The results showed that gallic acid concentrations between 2.5
and 10 mg/cm2 were effective against C. jejuni strains. The appropriate concentration of
gallic acid in films is crucial for modulating the release rate and enhancing antimicrobial
efficacy, with higher gallic acid content demonstrating a more rapid antimicrobial effect.
In another study, gallic acid demonstrated antimicrobial activity against various spoilage
bacteria with MIC and MBC values as follows: E. coli: 1500 µg/mL and 5000 µg/mL; P.
aeruginosa: 500 µg/mL and 500 µg/mL; S. aureus: 1750 µg/mL and 5250 µg/mL; and
L. monocytogenes: 2000 µg/mL and 5500 µg/mL [108]. Research by [109] demonstrated
that gallic acid at a concentration of 8 mg/mL, applied to vegetables, exhibited significant
antimicrobial activity, with inhibition zones of 15.6 mm and 13.2 mm for E. coli and S. mutans,
respectively. In addition, 48 h of treatment at 25 ◦C resulted in a 0.206 log CFU/g reduction
in E. coli in cabbage and 0.215 log CFU/g reduction in spinach. Furthermore, S. mutans in
spinach exhibited a 0.215 log CFU/g reduction, indicating the substantial antimicrobial
efficacy of gallic acid in reducing microbial populations in vegetables. However, further
research is required to assess its stability and interactions with complex food matrices.

Gallic acid exhibited potential antifungal activity, demonstrating significant inhibition
of Candida species C. albicans (ATCC 90028), C. glabrata (ATCC 2001), C. parapsilosis (ATCC
22019), and C. tropicalis (ATCC 750) and biofilms at concentrations as low as 0.156 mg/mL
at 37 ◦C for 48 h. Gallic acid displayed considerable efficacy against Candida biofilms,
resulting in a 2 log reduction in cell viability at a concentration of 5 mg/mL [110]. The
antifungal activity of octyl gallate against S. cerevisiae ATCC 7754 and Z. bailii ATCC
60483 was assessed by [111]. The MIC and MFC values were 50 µg/mL for Z. bailii, and
12.5 µg/mL and 25 µg/mL for S. cerevisiae. Time-kill kinetics highlighted a 2 h reduction in
cell viability at MFC at 30 ◦C, and complete elimination within 1 h at 2 × MFC, indicating
rapid fungicidal activity. Another study assessed chitosan with gallic acid conjugate
(Ch28GA) at a concentration of 2 g/L applied to artificially inoculated tomatoes with B.
cinerea (VKM F-2712) and stored at 25 ◦C for 14 days. The treatment led to a significant
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reduction in fruit rot, achieving a 0.77 log CFU/g decrease in fungal growth, demonstrating
the effective antifungal properties of Ch28GA in controlling post-harvest spoilage caused
by B. cinerea [112] (Supplementary Table S11).

4.12. Succinic Acid

Succinic acid, also known as butanedioic acid or 1,2-ethanedicarboxylic acid, is utilized
as an additive in various industries, including the food industry [10].

There are limited studies on the antimicrobial effect of succinic acid in the literature.
The antimicrobial effect of succinic acid treatments (1%, 3%, and 5%) on Pseudomonas
reduction and shelf life extension was evaluated in broiler chicken legs subjected to 60 ◦C
for 1–3 min of dipping. The 3% treatment at 24 ◦C resulted in a log reduction from 1.12
to 1.61. At 60 ◦C, the reduction increased to 1.21 to 1.98 and shelf life extended from 2
to 3.5 days. In comparison, 5% treatment at 24 ◦C resulted in a log reduction of 1.04 to
1.61, while at 60 ◦C, the reduction increased to 1.13 to 1.98 log with a shelf life extension
of 4.5 to 5 days. But it also caused whitening of the skin and discoloration in the treated
poultry [113]. Another study investigated the antimicrobial activity of succinic acid with
MICs in Japanese apricot fruits, conducted by [114]. They found that the MICs for E. coli
ATCC35218, B. subtilis ATCC6633, and Streptococcus suis were 1.667, 6.667, and 32 mg/mL,
respectively. The antimicrobial activities of zein films cross-linked using succinic anhydride
were investigated by [115]. The antimicrobial activity of nisin-loaded zein films against
L. monocytogenes (ATCC 19116) was evaluated by measuring the zone of inhibition. The
results showed a concentration-dependent increase in the zone of inhibition: 10 mm
at 2000 AU/mL, 14 mm at 3000 AU/mL, and 18 mm at 4000 AU/mL. The films also
exhibited varying antimicrobial activity against other bacterial strains, with inhibition
zones of 11–15 mm for B. cereus (ATCC 49064), 11–15 mm for S. enterica (ATCC 25566),
5–10 mm for Y. enterocolitica (ATCC 23715), and 1–4 mm for E. coli. Further research by [116]
revealed that a 0.25% succinic acid concentration in agar medium completely inhibited the
growth of several Salmonella strains (S. Enteritidis ATCC 13076, S. Typhimurium, S. Hadar,
S. Infantis, and S. Virchow). Moreover, when applied to broiler chicken meat, succinic acid
at a concentration of 2% potentially reduced bacterial counts by 1.42, 1.48, 1.22, 1.47, and
1.43 log CFU/g, while a 5% concentration reduced bacterial growth by 2.18, 2.31, 2.00, 3.20,
and 2.17 log CFU/g for S. Enteritidis ATCC 13076, S. Typhimurium, S. Hadar, S. Infantis, and
S. Virchow, respectively (Supplementary Table S12).

4.13. Tartaric Acid

L-Tartaric acid, also known as (2,3-Dihydroxybutanedioic acid), is naturally found
in high quantities in grapes and tamarind, and it is one of the major organic acids found
in wine. It is used in the food industry as a taste enhancer, preservative, pH regulator,
chelating and firming agent, as well as an emulsifier [10].

There are limited studies on the antimicrobial effect of tartaric acid in the literature.
A recent study [117] evaluated tartaric acid derivatives as antimicrobial agents for food
packaging, demonstrating their efficacy against P. syringae, P. aeruginosa, X. beticola, and S.
maltophilia. Inhibition was observed at 37 ◦C over time points of 12, 24, 48, 76, and 96 h.
These results highlight the potential of tartaric acid derivatives as viable alternatives to
traditional antimicrobials in food preservation. Tartaric acid’s antifungal activity against
Trichophyton mentagrophytes var. mentagrophytes, Candida albicans, Aspergillus fumigatus, and
Malassezia furfur was investigated by [67]. The MIC90 and MFC values for tartaric acid
are as follows: for T. mentagrophytes, 5% and 2.5%; for A. fumigatus, 15% and 10%; for M.
furfur, 15% and 10%; and for C. albicans, 20% and 15%. For the combination of tartaric
and citric acid, the values are, for T. mentagrophytes, 5% and 2.5%; for A. fumigatus, 5% and
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1.25%; for C. albicans, 5% and 2.5%; and for M. furfur, 10% and 5%. The combination of
tartaric acid with citric acid showed the highest inhibition of fungi. The treatment of 0.75%
tartaric acid combined with Plasma-Activated Water (PAW) treatment on lettuce, activated
for 50 to 60 min, resulted in significant antimicrobial activity against S. aureus (ATCC 6538),
achieving reductions of 5.5–6.0 log CFU/mL after a 10 min exposure. These results highlight
the potential of TA and PAW treatment as effective antimicrobial strategies for enhancing
food safety [118]. In another study by [119], the antimicrobial effect of 1% tartaric acid on L.
monocytogenes (ATCC13932) was evaluated in cheese over 42 days. The study reported a
reduction in L. monocytogenes counts from 6.67 log CFU/g to 4.95 log CFU/g on day 0, which
further decreased to 4.17 log CFU/g by day 42 at 4 ◦C. Tartaric acid derived from plants
exhibits significant antimicrobial activity, with in vitro MICs recorded as follows: S. aureus
(5 mg/mL), L. monocytogenes (2.5 mg/mL), E. coli (1.25–2.5 mg/mL), S. enterica Typhimurium
(2.5 mg/mL), G. candidum (20–50 mg/mL), and P. candidum (100 mg/mL). These results
demonstrate strong antibacterial effects, while the compound shows comparatively weaker
antifungal properties [120]. Another study investigating the antifungal activity and toxin
production of tartaric acid was conducted by [38]. The results indicated that treatment
with 5% tartaric acid resulted in the lowest inhibition rates for A. flavus, P. purpurogenum, R.
nigricans, and F. oxysporum of about 0.0018 log CFU/mL, 0.0287 log CFU/mL, 0.0403 log
CFU/mL, and 0.0074 log CFU/mL, respectively. The concentration of 10% tartaric showed
inhibition rates of 0.0792 log CFU/mL, 0.0829 log CFU/mL, 0.1165 log CFU/mL, and
0.0090 log CFU/mL, respectively (Supplementary Table S13). More studies are needed
to explore the effectiveness of tartaric acid across different food types with varying pH
levels, moisture contents, and nutrient profiles. This would help determine the optimal
concentrations of tartaric acid for various applications.

5. Application of Organic Acids in Combination with Other Bioactive
Compounds in Food Preservation

Recent research highlights that combining organic acids with bioactive compounds,
such as essential oils and plant extracts, enhances antimicrobial activity, improving food
safety and quality. This synergistic combination not only inhibits microbial growth but also
prevents oxidation and enzymatic degradation, preserving nutritional content and sensory
attributes [121]. In addition, the nanoencapsulation method improves the stability and
controlled release of bioactive compounds, extending their antimicrobial activity. This tech-
nology protects sensitive ingredients from degradation, enhancing their efficacy in complex
food systems and promoting a sustainable preservation method [122]. Their dual role as
functional additives and safety enhancers underlines their value in modern food preser-
vation. Importantly, organic acids and their derivatives are GRAS by regulatory bodies,
provided they adhere to prescribed usage limits and guidelines such as those established
by EU legislation [13]. Table 2 compiles a comprehensive range of applications reported
across various food products, showcasing the breadth of their efficacy and adaptability.

In summary, this table highlights the antimicrobial effectiveness of organic acids
combined with essential oils and plant extracts against various microorganisms.

The study by [123] demonstrated that fermented spinach (0.08%) with ascorbic acid,
malic acid, citric acid, and tartaric acid (0.06%) enhanced redness, reduced residual nitrite,
and inhibited oxidation in meat. Ascorbic acid (0.06%) was the most effective, highlighting
the potential of natural nitrite sources and organic acids to improve cured meat quality.
Similarly, the study published by [124] investigated the inhibition of S. Typhimurium growth
with a combination of succinic acid, pyruvic acid, and oregano essential oil. The results
indicated that these acids, when combined with OEO, exhibited strong inhibition of S.
Typhimurium. The maximum inhibition observed was 1.0 log CFU/g with the combination
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of 6% succinic acid and 0.08% of OEO. Furthermore, 5 min exposure to a mixture of 1.5%
succinic acid and 0.02% OEO resulted in a 6 log CFU reduction after 48 h.

Table 2. Antimicrobial applications of organic acids and synergic combination with other natural
antimicrobial compounds in inhibiting foodborne pathogens across diverse food products.

Food Product Preservation Method Target Microorganism Effects References

Meat

Fermented spinach (0.08%) with
organic acid (ascorbic acid, malic

acid, citric acid, and tartaric
acid (0.06%))

-
Enhanced redness,

lowered the residual nitrite level,
prevented oxidation

[123]

Chicken
Pyruvic acid (PA) (6%) and succinic
acid (SA) (1%) + oregano essential oil

(OEO) (0.08%)
S. typhimurium PA + EO: 1.4 log10 CFU/g reduction,

SA + EO: 1.0 log10 CFU/g reduction [124]

Salmon
Citric acid (0.5%), OEO (1%), citric

acid + OEO (combination), cooked at
55–62.5 ◦C

L. monocytogenes (ATCC
7644)

Combination of citric acid and
oregano oil reduced D-values

significantly, with z-values ranging
from 5.50 ◦C (control) to 6.92 ◦C

(combination), reducing
inactivation time

[125]

Sea food
Oregano extract + Cranberry extract
(0.1 mg/mL phenolic compound) +

lactic acid (pH 6)
Vibrio parahaemolyticus Complete inhibition of V.

parahaemolyticus after 8 days at 4 ◦C [126]

Lettuce
Malic Acid + grapefruit seed extract

(1% MA + 0.5% GSE)
at 5 ◦C for 14 days

E. coli O157:H7 (ATCC
43895, ATCC 35150, and

ATCC 43894),
S. typhimurium (ATCC
19585, ATCC 6994, and

ATCC 14028),
L. monocytogenes (ATCC

7644, ATCC 19111,
and ATCC 19115)

Reduction (log CFU/g):
E. coli: 4.96; Salmonella: 4.80;

L. monocytogenes: 3.95
[127]

Corn Kernels

Combination of organic acids (acetic
acid 1500 mg/kg, butyric acid

1760 mg/kg, propionic acid 2222
mg/kg) + cinnamon oil (8000 µL/L

air)

A. flavus (NRRL3357)

Complete inhibition: 1/2 MIC
(750 mg/kg AA, 880 mg/kg BA,
1111 mg/kg PA) with 1/4 MIC
(2000 µL/L air) of cinnamon oil

[128]

Strawberries

2% chitosan, (1% w/v), acetic acid,
sea buckthorn essentials oil (7.5%)

dipping for 20 s and store (4 ◦C and
8 ◦C)

-

Provided the lowest count of molds
and yeasts until day 7 of analysis;
preserved the ascorbic acid, total

polyphenol content, and antioxidant
activity compared to control

[129]

Grape Tomatoes
Chitosan (1%), acetic,
lactic, levulinic acids,

2% allyl isothiocyanate (AIT)

Salmonella enterica
(S. Panama 19,454, S. Poona
953, and S. Stanley H0558),

L. monocytogenes

Chitosan reduced S. enterica to
1.28 log CFU/tomato (Day 1);
Chitosan + AIT reduced it to

<0.70 log CFU/tomato (Day 1); both
treatments made S. enterica

undetectable from day 2 to day 21.
L. monocytogenes became
undetectable by Day 6.

[130]

Ready-to-cook
barbecue chicken

Edible cellulose nanofiber coating
incorporated with 2% ginger

essential oil (GEO) and 1% citric acid

Enterobacteriaceae spp.,
Pseudomonas spp., yeasts

and molds,
(total viable count) TVC

Reduction in microbial counts: TVC:
4.87 log CFU/g; Enterobacteriaceae
spp.: 4.75 log CFU/g; Pseudomonas

spp.: 4.91 log CFU/g; and PTC:
4.93 log CFU/g. Other treatments
significantly reduced the yeast and

mold count at p < 0.05 and extended
shelf life by up to 6 days.

[131]

These findings align with a recent study investigating the synergistic effect of OEO
and citric acid in thermal inactivation during cooking of salmon [125]. The combination
of 1% OEO and 0.5% citric acid resulted in a significant reduction in the D-values of L.
monocytogenes (ATCC 7644), with the D-values decreasing from 5.50 ◦C in the control group
to 6.92 ◦C in the combined treatment. These results indicate that the combination of oregano
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oil and citric acid increases the thermal sensitivity of L. monocytogenes (ATCC 7644), thereby
shortening the time required for inactivation.

The combination of oregano and cranberry extracts (0.1 mg/mL total phenolic, 50:50,
wt/wt) with lactic acid (pH 6.0) exhibited a synergistic antimicrobial effect, leading to
the complete inhibition of V. parahaemolyticus in cod fillets and shrimp stored at 4 ◦C for
8 days. In contrast, treatments with oregano and cranberry extracts only achieved a 4.6 log
CFU/g reduction [126]. In comparison, a study on the synergistic activity of malic acid
and grapefruit seed extract on lettuce conducted in [127] demonstrated the antimicrobial
effects of a combination treatment using 1% malic acid and 0.5% grapefruit seed extract.
The treatment resulted in reductions of 4.96 log CFU/g for E. coli O157:H7 (ATCC 43895,
ATCC 35150, and ATCC 43894), 4.80 log CFU/g for S. Typhimurium (ATCC 19585, ATCC
6994, and ATCC 14028), and 3.95 log CFU/g for L. monocytogenes (ATCC 7644, ATCC 19111,
and ATCC 19115) over a 14-day storage period at 5 ◦C. The combination of malic acid and
grapefruit seed extract provides a longer-lasting preservative effect, offering extended shelf
life during storage.

Another study tested the combination of organic acids (acetic acid, butyric acid,
propionic acid) and cinnamon oil, OEO, and lemongrass oil [128]. However, the synergistic
effects between OEO (8000 µL/L air) and lemongrass oil (8000 µL/L air) with organic acids
exhibited limited efficacy, as they did not fully inhibit A. flavus (NRRL3357) growth on corn
kernels. In contrast, the combination of organic acids (acetic acid at 1500 mg/kg, butyric
acid at 1760 mg/kg, and propionic acid at 2222 mg/kg) with cinnamon oil (8000 µL/L
air) resulted in complete inhibition of A. flavus growth. This synergistic interaction was
observed at 1/2 MIC of the organic acids (750 mg/kg AA, 880 mg/kg BA, 1111 mg/kg
PA) combined with 1/4 MIC of cinnamon oil (2000 µL/L air), demonstrating a significant
antimicrobial effect. Additionally, other treatments significantly reduced the yeast and
mold count at p < 0.05.

Chitosan-based edible coatings incorporating acetic acid (1% w/v), ascorbic acid
(1% w/v), and sea buckthorn essential oil (7.5%), along with 1% chitosan, were applied to
strawberries and apple slices [129]. These coatings resulted in a significant reduction in
microbial load (yeasts and molds) during cold storage at 4 ◦C and 8 ◦C, while effectively
preserving ascorbic acid, total polyphenol content, and antioxidant activity. The coated
samples exhibited reduced water activity (ranging from 0.96 to 0.98), which contributed to
the inhibition of microbial growth. Further supporting the trend, chitosan-based coatings,
formulated with 1% chitosan and 2% organic acids (acetic, lactic, and levulinic acids), effec-
tively preserved the microbial quality of grape tomatoes during 21 days of storage at 10 ◦C.
This treatment significantly reduced S. enterica (S. Panama 19,454, S. Poona 953, and S. Stanley
H0558) populations from 3.65 to 1.28 log CFU/mL tomato within 24 h. Furthermore, the
incorporation of 2% allyl isothiocyanate (AIT) in the chitosan–acid formulation enhanced
its antimicrobial activity, reducing S. enterica populations to below 0.70 log CFU/tomato.
Both treatments achieved complete elimination of S. enterica by day 2, whereas no reduction
was observed in the control group. Moreover, the treated samples exhibited complete
inhibition of yeasts and molds within 24 h, while fungal proliferation was observed in the
control group by day 21. These findings demonstrate that chitosan–acid coatings, with or
without AIT, serve as an effective intervention strategy for improving the microbial safety
and shelf life of tomatoes during storage [130].

In addition, edible cellulose nanofiber coatings incorporated with 2% ginger essential
oil and 1% citric acid on ready-to-cook barbecue chicken demonstrated significant reduc-
tions in microbial contamination and extended shelf life by up to 6 days [131]. Specifically,
the treatment resulted in a reduction of 4.87 log CFU/g in TVC, 4.75 log CFU/g in Enter-
obacteriaceae spp., 4.91 log CFU/g in Pseudomonas spp., and 4.93 log CFU/g in yeasts and
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molds. Additionally, other treatments significantly reduced the yeast and mold count at
p < 0.05. Therefore, based on what has been reported in this extensive body of literature,
the integration of organic acids with other antimicrobial agents, such as plant extracts
and essential oils, presents significant potential in improving food safety, quality, and
preservation, offering promising alternatives for traditional preservatives.

6. Sustainability Considerations in the Use of Organic Acids as
Food Preservatives

The sustainability of organic acids as food preservatives requires a more thorough
evaluation, particularly regarding lifecycle assessments (LCAs) and the environmental
trade-offs between efficacy and impact. While GRAS status and consumer demand are
important, the environmental consequences of organic acid production, specifically energy
use, raw material sourcing, and waste management, remain underexplored for various
organic acids.

Organic acids are often produced by fermentation processes, which can have a variable
environmental impact depending on the feedstock and production method. For example,
citric acid is mainly obtained by fermenting sugars using the fungus A. niger and the
environmental impact of its fermentation varies based on the recovery methods, with ion
exchange being more sustainable than solvent extraction [132]. However, the sustainability
of this process can be improved by using alternative substrates, such as waste glycerol
from biodiesel production, reducing the need for environmentally costly feedstocks such as
sugarcane [133]. Similarly, acetic acid, produced predominantly via ethanol fermentation,
can have a high environmental impact, but alternative fermentation pathways from renew-
able biomass reduce energy consumption and carbon emissions [134]. Another example is
lactic acid production that benefits from the use of lignocellulosic biomass, significantly
lowering its fossil energy demand and global warming potential compared to conventional
feedstocks [135].

On the other hand, synthetic preservatives, such as sodium benzoate, potassium sor-
bate, and sodium nitrite, are produced by chemical processes that involve the synthesis of
compounds from petroleum and other non-renewable inputs, resulting in greater energy
consumption and generation of chemical waste [136]. The organic acids still have several
advantages, such as biodegradability, being easily metabolized in the environment and
reducing chemical pollution, and lower toxicological risk, since, unlike synthetic preserva-
tives, organic acids are not associated with the formation of potentially harmful substances,
such as nitrosamines present in nitrites [4].

Therefore, replacing synthetic preservatives with organic acids can represent a signifi-
cant advance for the sustainability of the food industry. However, it is essential that the
production processes of these acids are constantly improved to minimize their environmen-
tal impact. The use of renewable raw materials, the optimization of fermentation processes,
and the valorization of by-products are fundamental strategies to ensure that organic acids
are, in fact, a sustainable and viable alternative for food preservation.

7. Conclusions and Future Perspectives
This review underscores the significant role of organic acids as antimicrobial agents in

food preservation, drawing upon extensive research. Organic acids from natural sources ef-
fectively preserve a wide variety of foods, including meat, fish, vegetables, fruits, beverages,
and confectionery. Their antimicrobial efficacy targets a broad spectrum of microorganisms,
such as bacteria, fungi, and yeasts, which are primary contributors to food spoilage. These
compounds also offer additional benefits, including flavor enhancement, nutritional preser-
vation, and shelf life extension, aligning well with consumer preferences for safer, healthier,
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and high-quality food products. Moreover, the synergistic combination of organic acids
with other organic acids and other bioactive compounds, such as plant extracts or essential
oils, has demonstrated superior efficacy compared to individual applications. For instance,
lactic and citric acids or acetic and ascorbic acids have shown enhanced microbial inhibi-
tion, extended shelf life, and better sensory preservation in various foods, highlighting the
potential of tailored formulations leveraging complementary antimicrobial properties.

The use of organic acids presents distinct advantages, such as their versatility across
diverse food matrices, their appeal as natural and safe ingredients, and their multifunction-
ality in improving sensory characteristics while preventing oxidation. However, challenges
remain, including optimizing concentrations to balance sensory and antimicrobial effects,
addressing food-specific preservation requirements, mitigating environmental impacts
through sustainable sourcing, and navigating global regulatory frameworks while manag-
ing consumer perceptions.

Despite these benefits, several research gaps warrant attention. Deeper insights into
the molecular mechanisms by which organic acids disrupt microbial growth are needed to
inform targeted applications. The synergy between organic acids and other preservation
techniques, such as natural preservatives, high-pressure processing, or innovative packag-
ing, requires further exploration to optimize and standardize their use. Additionally, the
efficacy of organic acids against emerging foodborne pathogens and spoilage organisms
needs to be investigated. Identifying novel organic acids from diverse natural sources
could further diversify available food preservatives, while their application in complex
multicomponent foods remains underexplored. A deeper understanding of how combina-
tions of organic acids interact chemically and biologically with diverse food systems would
further enhance their effectiveness and adaptability.

By advancing research in this area and prioritizing sustainable sourcing, organic acids
have the potential to drive significant progress toward more eco-friendly food preserva-
tion solutions, reducing waste, lowering environmental impact, and supporting a more
sustainable global food system.
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