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Abstract: Background: Foodborne infections affect approximately 600 million people annually.
Simultaneously, many plants contain substances like organic acids, which have antimicrobial activity.
The aim of this study was to examine the effects of 21 organic acids, naturally occurring in plants, on
four foodborne bacteria (Staphylococcus aureus, Listeria monocytogenes, Escherichia coli, and Salmonella
enterica Typhimurium) and two fungi (Geotrichum candidum and Penicillium candidum). Methods:
The minimal inhibitory concentrations (MIC) of the organic acids against foodborne bacteria and in
silico toxicity prediction of acids were investigated. Results: Benzoic and salicylic acids exhibit the
best activity against foodborne bacteria (mean MIC < 1 mg/mL). Acetic, chlorogenic, formic, malic,
nicotinic, and rosmarinic acids demonstrate slightly weaker activity (mean MICs 1-2 mg/mL). Other
acids have moderate or poor activity. The effectiveness of organic acids against foodborne fungi is
weaker than against bacteria. Most acids require high concentrations (from 10 to >100 mg/mL) to
inhibit fungal growth effectively. The predicted LD50 of organic acids ranges from 48 to 5000 mg/kg.
Those potentially safe as food preservatives (MIC < LD50) include ascorbic, chlorogenic, malic,
nicotinic, rosmarinic, salicylic, succinic, tannic, and tartaric acids. The studied organic acids are not
carcinogenic but many can cause adverse effects such as skin sensitization, eye irritation, and potential
nephrotoxicity, hepatotoxicity, or neurotoxicity. Conclusions: Most of the investigated plant-derived
organic acids exhibit good antibacterial activity and moderate or poor antifungal effects. Among
21 acids, only 9 appear to be safe as food preservatives (MIC < LD50). The relationship between MIC
and LD50 is crucial in determining the suitability of organic acids as food preservatives, ensuring
that they are effective against bacteria or fungi at concentrations that are not harmful to humans.

Keywords: antimicrobials; antiseptics; natural compounds

1. Introduction

Foodborne infections are among the most common worldwide. According to the World
Health Organization (WHO), approximately 600 million people suffer from foodborne
illnesses annually and over 400,000 of these cases result in death. Among these infections,
diarrheal diseases are the most prevalent, with around 550 million cases each year [1]. Most
cases of diarrhea are caused by bacteria, particularly Campylobacter spp., Escherichia coli
(enteropathogenic, enterotoxigenic, and Shiga toxin-producing), non-typhoidal Salmonella
enterica, Shigella spp., and Vibrio cholerae. Additionally, foodborne infections can lead
to invasive diseases. These are mainly caused by Brucella spp., Listeria monocytogenes,
Mycobacterium bovis, Salmonella Paratyphi, and S. Typhi [1]. Other common foodborne
bacteria include Bacillus cereus, Clostridium botulinum, C. perfringens, Cronobacter sakazakii,
Staphylococcus aureus, and Yersinia enterocolitica [2].

Foodborne pathogens can be zoonotic, meaning they can be transmitted from animals
to humans [3]. Metagenomic studies have shown that the occurrence of bacteria is related
to the species of the animal. It was found that Staphylococcus and Clostridium are present
in the feces of all livestock animals, with higher counts in chicken feces compared to
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cattle and pig feces. Additionally, Bacillus, Listeria, and Salmonella were also found in
chicken feces. In cattle feces, Bacillus, Campylobacter, and Vibrio bacteria were detected.
Furthermore, in cattle, chicken, and pig feces, other genera potentially pathogenic for
humans, such as Corynebacterium, Streptococcus, Neisseria, Helicobacter, Enterobacter, Klebsiella,
and Pseudomonas, were also identified [3].

Among fungi, there are many foodborne pathogens, including Paecilomyces spp.,
Xerochrysium spp., Aspergillus spp., Fusarium spp., Penicillium spp., or Alternaria spp. [4].
Most fungi cause poisoning through the production of mycotoxins. Infections are less
common, such as invasive infections in immunocompromised individuals. These can
be caused by, among others, Absidia corymbifera, Aspergillus fumigatus, Blastoschizomyces
capitatus, Candida catenulate, Fusarium moniliforme, Geotrichum candidum, Monascus ruber,
Mucor circinelloides, M. indicus, Rhizopus microspores, R. oryzae, and Saccharomyces cerevisiae,
including S. boulardii [5-8].

To reduce the number of pathogens in food, various preventive methods are imple-
mented, including maintaining hygiene and using food preservatives. In many types of
food, especially fermented and dairy products, lactic acid bacteria are present [9,10]. These
bacteria produce bacteriocins and organic acids that inhibit the growth of other bacteria.
Many products also incorporate plant parts, such as mint, sage, thyme, cardamom, and
cinnamon. These plants contain essential oils that not only alter the flavor of dishes but
also have antimicrobial properties [10]. Upon closer examination, many plants consumed
as food contain substances with antimicrobial activity that inhibit pathogen growth. These
substances include organic acids, phenols, phenolic acids, quinones, flavonoids, tannins,
terpenoids, and alkaloids [11,12]. Some of these compounds have the potential to be used
as natural inhibitors of foodborne pathogens. We paid particular attention to organic acids,
among other reasons, due to the use of some of them in medicine. Acetic acid, lactic acid,
and benzoic acid are used in wound treatment, while citric acid is used in wound treatment
and root canal antisepsis [13].

The aim of this study was to examine the effects of 21 organic acids, naturally occur-
ring in plants, on four foodborne bacteria (Staphylococcus aureus, Listeria monocytogenes,
Escherichia coli, and Salmonella enterica Typhimurium) and two foodborne fungi (Geotrichum
candidum and Penicillium candidum).

2. Materials and Methods
2.1. Chemicals

The following pure organic acids, acetic, aminoacetic, ascorbic, benzoic, caproic, citric,
formic, fumaric, glutamic, malic, nicotinic, oleic, oxalic, palmitic, salicylic, succinic, tannic,
tartaric, and valeric acid, were obtained from Warchem (Zakret, Poland). Chlorogenic
and rosmarinic acids were obtained from Sigma-Aldrich (Poznan, Poland) and octenidine
dihydrochloride was obtained from Schiilke and Mayr GmbH (Norderstedt, Germany).

The molecular formula and natural occurrence of the studied acids are presented in
Table 1.

Table 1. Molecular formula, pH of prepared solutions, and plant occurrence of studied organic acids
[11,12,14-20].

Organic Acid Molecular Formula pH of Prepared Solutions Exemplary Natural Occurrence

Acetic acid C,H40, 24 Apples, grapes, and blackberries
Aminoacetic acid CrH5NO, 6.2 Common amino acid
Ascorbic acid C¢HgOg 25 Fruits and vegetables

Benzoic acid

Cranberries, mushrooms, anise, cherries,
CyHgO, 3.8 raspberries, and food additive (as
a preservative)
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Table 1. Cont.

Organic Acid

Molecular Formula

pH of Prepared Solutions Exemplary Natural Occurrence

Caproic acid CeH120, 2.7 Vegetable oils
. . Apples, pears, carrots, tomatoes, sweet
Chlorogenic acid C16H1809 44 potatoes, coffee, and tea
Citric acid C¢HgOy 29 Fruits
Formic acid CH,0O, 2.3 Stinging hairs of nettles
Fumaric acid C4H404 4.5 Mosses and mushrooms
Sunflower seeds, flax seeds, peanut,
Glutamic acid CsHgNOy 29 pistachio, almond, broad bean, Brussels
sprout, and lentil
Malic acid C4HgOs5 2.0 Fruits
Nicotinic acid CeHsNO, 4.0 Common in plants
Oleic acid C18H340, 2.8 Olive oil and grape seed oil
Oxalic acid CyH,04 1.8 Fruits
Palmitic acid Ci16H3,07 4.5 Seeds of beans, sunflowers, and cotton
Rosmarinic acid CysHy¢Os 58 Rosemary, sage, Spamsh sage, ba51.1, oregano,
thyme, spearmint, and perilla
Salicylic acid CyHgO3 3.0 Common in plants
Succinic acid C4HgOy 24 Fruits and vegetables
Bark of oak, beech, American chestnut,
spruce, willow, witch hazel, walnut,
Tannic acid CreHgp Oy 2.6 blackberry, raspberry leaves, blueberries,
sloes, rhizome of cinquefoil, hen’s weed,
and snakeweed
Tartaric acid C4HeOg 1.9 Peaches, apples, grapgs, cherries,
and strawberries
Valeric acid Cs5H190; 2.8 Valerian rhizome and angelica root

2.2. Antibacterial and Antifungal Activity
2.2.1. Bacteria and Fungi

The research targeted six foodborne pathogens, including four bacterial strains (Gram-
positive Staphylococcus aureus and Listeria monocytogenes and Gram-negative Escherichia coli
and Salmonella enterica Typhimurium) and two fungal strains (Geotrichum candidum and
Penicillium candidum). All strains were from the collection of the Department of Medical
Microbiology at Poznan University of Medical Sciences. Strains were isolated from food or
from patients with foodborne infections. Identification was carried out using Mikrolastest
biochemical tests (Erba Lachema, Brno, Czech Republic) and Integral System Yeasts Plus
(Liofilchem, Roseto degli Abruzzi, Italy).

2.2.2. Minimal Inhibitory Concentrations (MIC)

To determine the minimal inhibitory concentrations (MIC) of the organic acids, the
microdilution method was used with 96-well plates (Nest Scientific Biotechnology, Wuxi,
China). The MIC methodology was detailed in our published paper [21] and the procedures
were based on previous research [22,23]. Bacteria were grown in tryptose-soy broth and
fungi in Sabouraud broth (Graso Biotech, Owidz, Poland) and serial dilutions of the organic
acids were made to reach final concentrations ranging from 100 mg/mL to 0.02 mg/mL
in the wells. The inoculum was adjusted to achieve a final concentration of 10° CFU/mL.
Plates were incubated at 37 °C for 2448 h and MIC values were determined visually, using
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color reactions with 2,3,5-triphenyltetrazolium chloride (TTC) (Sigma, Poznan, Poland) to
aid in reading. Each test was performed in triplicate.

2.3. In Silico Bioavailability Toxicity Prediction

Toxicity predictions were conducted using SwissADME [24], Deep-PK [25], and
ProTox-3.0 [26] software. Factors considered included predicted LD50, toxicity class,
carcinogenicity, hepatotoxicity, neurotoxicity, nephrotoxicity, skin sensitization, and eye
irritation. ProTox-3.0 was specifically chosen for predicting LD50 due to its high accuracy
in previous evaluations [27].

3. Results
3.1. Antibacterial and Antifungal Activity

Studies have shown that benzoic acid and salicylic acid exhibit the best activity against
foodborne bacteria, with an average MIC of less than 1 mg/mL. Acetic acid, chlorogenic
acid, formic acid, malic acid, nicotinic acid, and rosmarinic acid demonstrated slightly
weaker activity, with average MICs between 1 and 2 mg/mL. Many other acids (ascorbic,
caproic, citric, fumaric, oxalic, succinic, tannic, tartaric, and valeric acid) had moderate
activity against bacteria. The weakest antibacterial activity was observed in aminoacetic,
glutamic, oleic, and palmitic acids, with average MICs ranging from 7.5 to 70.83 mg/mL.
Considering that the average MIC for octenidine (positive control) is 0.11 pug/mL, it is
evident that the tested organic acids are active at concentrations approximately 10,000 times
higher (Table 2).

Table 2. The minimal inhibitory concentrations (MIC) of the organic acids and octenidine against
foodborne bacteria. MIC values are presented in mg/mL. The last column shows the mean values
and standard deviation (SD) for all readings for a given acid.

Organic Acid Staphylococcus Escherif:hia Listeria Sal@one{lu Mean MIC + S:D for

aureus coli monocytogenes Typhimurium All Bacteria
Acetic acid 1.25 1.25-2.5 1.25 2.5 1.72 £ 0.65

Aminoacetic acid 100 50 50 50-100 70.83 £ 25.75
Ascorbic acid 1.25 1.25-2.5 2.5 5 2.66 £ 1.56
Benzoic acid 0.63 0.31-0.63 0.31-0.63 0.63-1.25 0.63 +0.29
Caproic acid 5 2.5 25 5 3.75+£1.34
Chlorogenic acid 1.25-2.5 1.25 1.25-2.5 1.25-2.5 1.72 £ 0.65
Citric acid 5 2.5 1.25-2.5 2.5 297 +1.33
Formic acid 1.25 1.25 1.25 2.5 1.56 + 0.58
Fumaric acid 1.25-2.5 2.5 2.5-5 2.5 2.66 £ 1.04
Glutamic acid 5 5 10 10 7.50 £ 2.67
Malic acid 2.5 0.63 0.63-1.25 1.25 1.33+0.78
Nicotinic acid 1.25-2.5 0.63-1.25 0.63-1.25 1.25 1.25 £ 0.56
Oleic acid 5 10 5 10 7.50 £+ 2.67
Oxalic acid 2.5-5 0.63-1.25 1.25-2.5 2.5 227 £1.33
Palmitic acid 20-50 20-50 20 20-50 27.5 £ 13.57
Rosmarinic acid 2.5 1.25 1.25-2.5 1.25-2.5 1.88 £+ 0.67
Salicylic acid 0.63-1.25 0.31-0.63 0.63 0.63 0.67 +0.26
Succinic acid 2.5-5 0.63-1.25 1.25-2.5 2.5 227 £1.33
Tannic acid 2.5-5 1.25-2.5 0.63-1.25 2.5 227 +1.33




Appl. Sci. 2024, 14, 6340

50f13

Table 2. Cont.

. . Staphylococcus Escherichia Listeria Salmonella Mean MIC =+ SD for
Organic Acid . . . .
aureus coli monocytogenes Typhimurium All Bacteria
Tartaric acid 5 1.25-2.5 2.5 2.5 2.97 £1.33
Valeric acid 5 1.25-2.5 25 2.5 297 +1.33

Octenidine

0.00004-0.00008

0.00008-0.00016 0.00008-0.00016 0.00008-0.00016 0.00016-0.00005

dihydrochloride ~ (0.04-0.08 ug/mL)  (0.08-0.16 ug/mL)  (0.08-0.16 ug/mL) (0.08-0.16 ug/mL) (0.1 = 0.05 ug/mL)

In the study, MIC values were determined against two foodborne fungi, Geotrichum
candidum and Penicillium candidum. For all acids tested, the antifungal activity was weaker
compared to bacteria. The acetic, benzoic, caproic, chlorogenic, citric, formic, rosmarinic,
and valeric acids exhibited the best activity, with mean MICs < 10 mg/mL. Fumaric, oxalic,
and tannic acids showed moderate activity, with mean MICs between 10 and 20 mg/mL.
Unfortunately, many acids such as ascorbic, malic, oleic, palmitic, succinic, and tartaric had
very weak antifungal activity, with MICs > 20 mg/mL, while aminoacetic and glutamic
acids had MICs > 100 mg/mL, indicating no activity (Table 3, Figure 1).

Table 3. The minimal inhibitory concentrations (MIC) of the organic acids and octenidine against
foodborne fungi. MIC values are presented in mg/mL. The last column shows the mean values and
standard deviation (SD) for all readings for a given acid.

Mean MIC + SD

Organic Acid Geotrichum candidum Penicillium candidum for Both Fungi
Acetic acid 5 10 75+274
Aminoacetic acid >100 >100 >100
Ascorbic acid 50-100 100 83.33 £ 25.82
Benzoic acid 2.5-5 10 7.08 £ 3.32
Caproic acid 5 10 75+274
Chlorogenic acid 1.25-5 5-10 5.63 + 3.69
Citric acid 5-10 10 8.33 + 2.58
Formic acid 5 10 75+274
Fumaric acid 5-10 20 14.17 £ 6.65
Glutamic acid >100 >100 >100
Malic acid 20-50 50 45 +12.25
Nicotinic acid 10 20 15 + 5.48
Oleic acid 50 50 50 £ 0.0
Oxalic acid 10-20 20 16.67 £ 5.16
Palmitic acid 20-50 20-50 30 £ 15.49
Rosmarinic acid 1.25-5 10 6.46 £ 4.06
Salicylic acid 2.5-5 10 7.08 £3.32
Succinic acid 50-100 100 83.33 £ 25.82
Tannic acid 10-20 5-20 14.17 £+ 6.65
Tartaric acid 20-50 100 70 + 34.64
Valeric acid 5 5 5£00

Octenidine dihydrochloride

0.00008-0.00016
(0.08-0.16 ug/mL)

0.00008-0.00032
(0.08-0.32 pg/mL)

0.00016 =+ 0.00009
(0.16 = 0.09 ug/mL)
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Figure 1. Example images of 96-well plates showing the results of minimal inhibitory con-
centration (MIC) testing against Penicillium candidum (100 to 1.25 mg/mL). Staining was per-
formed using 2,3,5-triphenyltetrazolium chloride (TTC). Legends: 1—acetic acid, 2—valeric acid,
3—formic acid, 4—caproic acid, 5—citric acid, 6—aminoacetic acid, 7—tannic acid, 8—ascorbic acid,
9—oxalic acid, 11—glutamic acid, 12—tartaric acid, 13—malic acid, 14—benzoic acid, 15—succinic
acid, 16—nicotinic acid, 17—palmitic acid, 18—salicylic acid, 20—oleic acid, 21—fumaric acid,
22—rosmarinic acid, and 23—chlorogenic acid. Those marked 10, 19, and 24 are acids not presented
in this study.

3.2. In Silico Bioavailability and Toxicity Prediction

For the tested organic acids, predicted LD50 ranges from 48 to 5000 mg/kg. The
predicted toxicity class for most is between 3 and 5, with an LD50 > 50 mg/kg, indicating
that they are toxic or harmful if swallowed, except for acetic acid, which is class 1, and oleic
acid, which is class 2. Acetic, benzoic, caproic, formic, oxalic, and valeric acids demonstrate
high gastrointestinal tract absorption and are highly bioavailable orally. They generally also
exhibit the lowest predicted LD50 values (<1000 mg/kg), indicating higher acute toxicity.
High gastrointestinal tract absorption and high oral bioavailability are also demonstrated
by aminoacetic, fumaric, glutamic, malic, nicotinic, salicylic, and succinic acids. However,
their LD50 levels are above 1000 mg/kg, suggesting they are relatively safer. Chlorogenic
and rosmarinic acids appear to be the safest, as they have low gastrointestinal absorption
and oral bioavailability, coupled with high predicted LD50 values reaching 5000 mg/kg.
None of the tested compounds have carcinogenic properties. Based on the available data,
they do not pose a risk of causing cancer.

All the presented acids can lead to skin sensitization and/or eye irritation. Among the
21 acids listed, a total of 11, including benzoic, chlorogenic, formic, fumaric, malic, nicotinic,
oxalic, rosmarinic, succinic, tannic, and tartaric acids, exhibit nephrotoxic effects. Nicotinic
and salicylic acids may also act neurotoxically and hepatotoxically. Additionally, benzoic
acid demonstrates hepatotoxicity. This means that the consumption of organic acids in
large quantities can be toxic and lead to various complications. The obtained results for the
bioavailability and toxicity prediction of the studied organic acids are presented in Table 4.
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Table 4. Bioavailability and toxicity prediction in silico of studied organic acids.
Gastro- .
. . Human Oral Predicted P
O Intestinal . T o11s Te t . . .. .. .. Sk E
fﬁ?glc n_lg:a;?a BlOaValloabl]lty LD50 gf;sy Carcinogenicity Hepatotoxicity =~ Neurotoxicity = Nephrotoxicity Sensitilzr;tion Irrit);?ion
. 20% [mg/kg]
Absorption
Acetic acid High Yes 333 1 No No No No Yes Yes
Aminoacetic High Yes 3340 5 No No No No Yes Yes
acid
Ascorbic High No 3367 5 No No No No Yes Yes
acid
Benzoic acid High Yes 290 3 No Yes No Yes Yes Yes
Caproic acid High Yes 94 3 No No No No Yes Yes
Chl‘;rc‘;ge“ic Low No 5000 5 No No No Yes Yes No
Citric acid Low No 80 3 No No No No No Yes
Formic acid High Yes 162 3 No No No Yes Yes Yes
Fumaric High Yes 1350 4 No No No Yes Yes Yes
acid
Glutamic High Yes 4500 5 No No No No Yes Yes
acid
Malic acid High Yes 2497 5 No No No Yes Yes Yes
Nicotinic High Yes 3720 5 No Yes Yes Yes Yes Yes
acid
Oleic acid High No 48 2 No No No No Yes Yes
Oxalic acid High Yes 660 4 No No No Yes Yes Yes
Palmitic High No 990 4 No No No No Yes Yes
Rosmarinic Low No 5000 5 No No No Yes Yes Yes
Salicylic High Yes 1190 4 No Yes Yes No Yes No
Suaccciiélic High Yes 2260 5 No No No Yes Yes Yes
Tannic acid nd * Low 2260 5 No No No Yes Yes Yes
Tartaric acid Low Yes 2497 5 No No No Yes Yes Yes
Valeric acid High Yes 134 3 No No No No Yes Yes
Octenidine Low No 300 3 No No Yes No Yes No

Legends: nd—Ilack of data, *—due to the large molecule size and the inability to perform calculations, bioavail-
ability data were provided according to DrugBank [28]. Due to toxicity upon ingestion, there are 6 classes: Class
1—lethal (LD50 < 5 mg/kg), Class 2—extremely toxic (LD50 5-50 mg/kg), Class 3—toxic (LD50 50-300 mg/kg),
Class 4—harmful (LD50 300-2000 mg/kg), Class 5—possibly harmful (LD50 2000-5000 mg/kg) and Class
6—non-toxic (LD50 > 5000 mg/kg) [26].

It is also important to consider the relationship between MIC values and LD50, espe-
cially given that they are expressed in different units. Table 5 presents the conversion of MIC
values to mg/kg and their comparison with LD50. Chlorogenic acid and rosmarinic acid
stand out as both safe and effective food preservatives against bacteria and fungi, with their
MIC values being lower (1344-4398 mg/kg for chlorogenic acid and 1213-4168 mg/kg for
rosmarinic acid) than their LD50 values (5000 mg/kg). This makes them suitable and safe
candidates for food preservation. Some acids, such as ascorbic, malic, nicotinic, salicylic,
succinic, tannic, and tartaric acids, show safety for use against bacteria but not fungi. Their
MIC values for bacteria are lower than their LD50 values (MIC < LD50), indicating safety for
human consumption when used as antibacterial preservatives. Unfortunately, their higher
MIC values for fungi than LD50 suggest that it is necessary to choose between limited
antifungal effectiveness or potential toxicity. Many of the studied organic acids, including
acetic, aminoacetic, benzoic, caproic, citric, formic, fumaric, glutamic, oleic, oxalic, palmitic,
and valeric acids, exhibit MIC values that exceed their LD50 values, indicating potential
toxicity to humans. These acids are therefore not safe for use as food preservatives, indicat-
ing a risk of human toxicity at effective concentrations. The selection of organic acids as
food preservatives requires careful evaluation of both their antimicrobial effectiveness and
their safety profiles. Balancing these factors is crucial to ensure that the preservatives are
effective against microorganisms while being safe for human consumption. Choosing the
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appropriate acid as a preservative requires consideration of specific preservative properties
and the type of microorganisms to be controlled.

Table 5. Relationship between MIC values and LD50 in mg/kg and the safety of studied organic
acids as food preservatives.

) ) Predicted Mean MI? Density Mean MIC in 1 kg Safe I.Jse as a Food
Organic Acid LD50 [mg/kg] [ré\g/mlj] agalnft [g/mL] of Fo.od Produc't [mg/kg] Presel:vatlve (MI.C < LD?O)
acteria/Fungi against Bacteria/Fungi against Bacteria/Fungi

Acetic acid 333 1.72/7.5 1.05 1638/7142 No/No
Aminoacetic acid 3340 70.83/>100 1.61 43,994/>62,112 No/No
Ascorbic acid 3367 2.66/83.33 1.65 1612/50,503 Yes/No
Benzoic acid 290 0.63/7.08 1.27 496 /5574 No/No
Caproic acid 94 3.75/7.5 0.93 4032/8065 No/No
Chlorogenic acid 5000 1.72/5.63 1.28 1344/4398 Yes/Yes
Citric acid 80 2.97/8.33 1.66 1789/5018 No/No
Formic acid 162 1.56/7.5 1.22 1279/6148 No/No
Fumaric acid 1350 2.66/14.17 1.64 1622 /8640 No/No
Glutamic acid 4500 7.50/>100 1.46 5137/>68,493 No/No
Malic acid 2497 1.33/50 1.61 826/31,055 Yes/No
Nicotinic acid 3720 1.25/15 1.47 850/10,204 Yes/No
Oleic acid 48 7.50/50 0.895 8380/55,866 No/No
Oxalic acid 660 2.27/16.67 1.9 1195/8774 No/No
Palmitic acid 990 27.5/30 0.85 32,706/35,294 No/No
Rosmarinic acid 5000 1.88/6.46 1.55 1213/4168 Yes/Yes
Salicylic acid 1190 0.67/7.08 1.44 465/4917 Yes/No
Succinic acid 2260 2.27/83.33 1.56 1455/53,417 Yes/No
Tannic acid 2260 2.27/52.08 2.12 1071/24,566 Yes/No
Tartaric acid 2497 2.97/75 1.79 1659/41,899 Yes/No
Valeric acid 134 2.97/5.0 0.94 3160/5319 No/No

4. Discussion

In vegetables and fruit juices, many organic acids have been found, including acetic
acid, ascorbic acid, aspartic acid, benzoic acid, butyric acid, citric acid, formic acid, glu-
conic acid, glutamic acid, glycolic acid, isoascorbic acid, lactic acid, malic acid, nicotinic
acid, oxalic acid, propionic acid, sorbic acid, succinic acid, and tartaric acid [29]. Some
organic acids, such as acetic, ascorbic, citric, lactic, and malic acids, are commonly used
as traditional food preservatives [30]. They are also widely used as preservatives in the
food industry. According to European legislation, five acids are known as E-additives:
E200 sorbic acid, E210 benzoic acid, E260 acetic acid, E270 lactic acid, and E280 propionic
acid. Several acids are used as acidifiers: E260 acetic acid, E270 lactic acid, E296 malic acid,
E300 ascorbic acid, E330 citric acid, E334 tartaric acid, E355 adipic acid, and E363 succinic
acid [19].

The antibacterial activity of organic acids has been confirmed in numerous studies.
However, most research has focused on acetic acid, citric acid, formic acid, and malic acid.
After searching the PubMed and Scopus databases, it appears that the present work is the
first to examine the antibacterial activity of as many as 21 organic acids. We demonstrated
that most organic acids exhibit bacteriostatic effects at levels ranging from 0.31 to 5 mg/mL.
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The inhibitory concentrations against bacteria reported in the literature vary. Some
inhibitory levels are similar to those in the present study. Beier et al. [31] showed that
vancomycin-resistant Enterococcus faecium is sensitive to acetic acid at a dose of 2 mg/mL,
citric acid at doses of 1-4.1 mg/mL, and formic acid at a dose of 1 mg/mL. Similar
results were presented by the same research group for Campylobacter jejuni obtained from
broiler chicken houses. Bacterial growth inhibition occurred at concentrations of acetic
acid 0.5-4.1 mg/mL, citric acid 0.26—4.1 mg/mL, and formic acid 0.5-4.1 mg/mL [32].
In another paper, the MIC results demonstrated that acetic acid, citric acid, and tartaric
acid inhibited Salmonella Typhimurium at concentrations of 0.312% (3.1 mg/mL), 0.625%
(6.3 mg/mL), and 0.312% (3.1 mg/mL) for 10%; CFU/mL [33]. Mine and Boopathy [34]
reported that the breakpoints of organic acids against the shrimp pathogen Vibrio harveyi
were 0.025-0.05% (0.25-0.5 mg/mL) for formic acid and 0.05-0.1% (0.5-1 mg/mL) for acetic
acid, which are lower values than those found in this work.

Many data show that higher concentrations than those obtained in this work are
required to inhibit foodborne pathogens. In the study by Stempelova et al. [35], the organic
acid with the lowest MIC against Staphylococcus aureus, Enterococcus faecium, Bacillus cereus,
Escherichia coli, and Pseudomonas aeruginosa was acetic acid (MIC 0.5-2.0 mg/mL). The
remaining acids had higher average MIC levels. The activity of ascorbic acid against these
bacteria showed the highest MIC, ranging from 4.0 to 16.0 mg/mL. The MIC values for
citric acid ranged from 1.0 to 4.0 mg/mL and for succinic acid from 0.8 to 4.0 mg/mL.
Lues and Theron [36] demonstrated that the activity of organic acids depends on the pH.
The activity against Listeria monocytogenes decreased with increasing pH. For acetic acid, it
ranged from 0.5 mM at pH 5.0 to 32 mM at pH 8.0 (30-1920 mg/mL); for citric acid, from
0.5 to 16 mM (96-3072 mg/mL); and for malic acid, from 0.5 to 32 mM (674288 mg/mL).
Akbas and Cag [37] have shown that citric and malic acids at 1% and 2% (10 and 20 mg/mL,
respectively) concentrations inhibit the development of Bacillus subtilis biofilm and can
destroy mature biofilm. Concentrations of 1% and 2% are several times higher than
the MICs obtained in the present work. Similar concentrations were studied in another
work [38], where 1%, 2%, and 3% acetic and citric acids reduced the number of Salmonella
Enteritidis, Escherichia coli, and Listeria monocytogenes in beef meat. However, only the 3%
concentrations led to a significant (p < 0.05) reduction in bacteria. In the next paper [39], it
was found that acetic acid and citric acid lead to the inactivation of multi-drug-resistant
non-typhoidal Salmonella and Shiga-toxin-producing Escherichia coli. The authors used
acids at a concentration of 4.1 mg/mL, which is higher than the average MICs obtained by
us. Unfortunately, the authors did not present MIC results, even though they described
this study in their methodology.

In studies on sheep and goat meat obtained from freshly slaughtered animals, samples
were inoculated with Staphylococcus aureus, Listeria monocytogenes, Escherichia coli, and
Salmonella Typhimurium. The meat samples were then washed with a spray containing 2%
lactic acid and a combination of 1.5% acetic acid + 1.5% propionic acid. It was shown that the
total number of viable microorganisms in the meat was reduced by approximately 0.52 and
1.16 log units, respectively [40]. Albuquerque et al. [41] demonstrated that 1% (10 mg/mL)
citric acid leads to the reduction in Salmonella spp., Staphylococcus spp., and thermotolerant
coliforms in sheep meat. In studies on the effect of organic acids on Escherichia coli isolated
from fresh pork sausage, the highest level required for antibacterial activity was found to be
1.29 M (247 mg/mL) for citric acid and approximately 4 M for acetic acid (240 mg/mL) [42].

In the literature, there is little on the antifungal activity of organic acids, according
to PubMed or Scopus databases. In one publication, similar to our studies, much higher
concentrations were required to achieve an antifungal effect. Penicillium sp. strains were
inhibited by acetic acid at concentrations of 200-800 mM (12,010-48,040 mg/mL) [43]. The
activity of tannic acid against Penicillium digitatum was better and the MIC value was
1 mg/mL [44]. The above literature data are additionally presented in Table 6.
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Table 6. Comparison of obtained MIC values in antibacterial and antifungal activity with the available

literature.

Our MICs

Organic Acid Tested Microorganism MIC Values from Reference Reference
[mg/mL]
Enterococcus faecium 2 mg/mL [31]
Campylobacter jejuni 0.5-4.1 mg/mL [32]
Salmonella Typhimurium 0.312% (3.1 mg/mL) [33]
Vibrio harveyi 0.05-0.1% (0.5-1 mg/mL) [34]
Staphylococcus aureus, E. faecium,
Bacillus cereus,
Escherichia coli, Pseudomonas 0.5-2.0 mg/mL [35]
Acetic acid ueruginosa 1.25-2.5
Listeria monocytogenes 0.5-32 mM (30-1920 mg/mL) [36]
Salmonella Enteritidis, E. coli, L. 1-3% (10-30 mg/mL) [38]
monocytogenes
non-typhoidal Salmonella, E. coli 4.1 mg/mL [39]
S. aureus, L. monocytogenes, E. coli, S. 1.5% (15 mg/mL) acetic +
v o L [40]
Typhimurium 1.5% propionic acid
E. coli 4 M (240 mg/mL) [42]
o 200-800 mM
Penicillium sp. (12,010-48,040 mg/mL) [43]
Ascorbic acid S. aureus, E. faecium, B. cereus, E. col, 4.0-16.0 mg/mL 1.25-5.0 [35]
P. aeruginosa
E. faecium 1-4.1 mg/mL [31]
Campylobacter jejuni 0.26-4.1 mg/mL [32]
S. Typhimurium 0.625% (6.3 mg/mL) [33]
S. aureus, E.faeczumc B. cereus, E. coli, 1.0-4.0 mg /mL [35]
P. aeruginosa
L. monocytogenes 0.5-16 mM (96-3072 mg/mL) [36]
Citric acid B. subtilis 1% (10 mg/mL) 1.25-5.0 [37]
S. Enteritidis, E. coli, L. 1-3% (10-30 mg/mL) [38]
monocytogenes
non-typhoidal Salmonella, E. coli 4.1 mg/mL [39]
Salmonella spp., Staphylococcus spp., o
and thermotolerant coliforms 1% (10 mg/mL) [41]
E. coli 1.29 M (247 mg/mL) [42]
E. faecium 1 mg/mL [31]
Formic acid C. jejuni 0.5-4.1 mg/mL 1.25-2.5 (32]
V. harveyi 0.025-0.05% (0.25-0.5 mg/mL) [34]
L. monocytogenes 0.5-32 mM (67-4288 mg/mL) [36]
Malic acid — 0.63-2.5
B. subtilis 2% (20 mg/mL) [37]
Succinicacid o “ureus, E faecium, B. cereus, E. coli 0.8-4.0 mg/mL 0.63-5.0 [35]
P. aeruginosa
Tannic acid Penicillium digitatum 1 mg/mL [38]
Tartaric acid S. Typhimurium 0.312% (3.1 mg/mL) 1.25-5.0 [33]
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Some organic acids, including acetic, citric, lactic, and malic acids, have been generally
recognized as safe (GRAS) [45]. However, in the presented studies, we demonstrated that
organic acids vary in terms of toxicity. Unfortunately, for many of them, the required
antibacterial concentration is higher than the predicted lethal dose, LD50. The acids that
appear to be safe (MIC < LD50) based on our results include ascorbic acid, chlorogenic
acid, malic acid, nicotinic acid, rosmarinic acid, salicylic acid, succinic acid, tannic acid, and
tartaric acid.

The mechanism of action of organic acids is based on the fact that undissociated
molecules are lipophilic and can cross the lipid membrane of microorganisms. After pene-
trating the bacterial cytoplasmic membrane, they dissociate into anions and protons in the
cytoplasm. The protons lower the intracellular pH, leading to the inhibition of bacterial gly-
colysis, a decrease in ATP, and a reduction in active transport [9,10]. A similar mechanism
might occur in mammalian cells. Unfortunately, the literature on the toxicity of organic
acids is sparse. In in vivo studies, the LC50 for acetic acid and benzoic acid were reported
to be 273 and 277 mg/L for tilapia (Oreochromis mossambicus) [46]. These values are similar
to the results obtained in this work, namely 333 and 290 mg/kg, respectively. However, the
LC50 decreases for other organisms. For cladoceran crustacea (Moina micrura), the LC50
values of acetic acid and benzoic acid were 164 and 72 mg/L and for the oligochaete worm
(Branchiura sowerbyi), they were 15 and 39 mg/L, respectively.

Although the genotoxicity of organic acids was not demonstrated in this study, it has
been described for citric acid at a concentration of 20 ppm or 0.02 mg/mL [47]. The high
values of the predicted LD50 ranging from several 10s to 5000 mg/kg obtained in this study
might explain why the maximum daily intake for many acids has not been determined. The
Food and Agriculture Organization (FAO) of the United Nations has not specified a daily
intake limit for acetic, citric, lactic, malic, and propionic acids. However, the maximum
daily intake for benzoic and sorbic acids is 1 mg/kg, for fumaric acid it is 6 mg/kg, and for
tartaric acid it is 30 mg/kg of body weight [19,30].

5. Conclusions

Most of the investigated plant-derived organic acids exhibit antibacterial activity
at concentrations ranging from 0.31 to 5 mg/mL. The effectiveness of organic acids
against foodborne fungi like Penicillium candidum and Geotrichum candidum is weaker than
against bacteria. Some acids demonstrate moderate antifungal activity with mean MICs of
<10 mg/mL, while most acids require higher concentrations (from 10 to >100 mg/mL) to
inhibit fungal growth effectively. This highlights the importance of selecting organic acids
based on their specific potency against fungal strains in food preservation.

The toxicity profiles of the tested organic acids vary widely, with predicted LD50
values ranging from 48 to 5000 mg/kg. For many of them, the required antibacterial
concentration is higher than the predicted lethal dose of LD50. The acids that appear to
be safe as food preservatives (MIC < LD50) include ascorbic, chlorogenic, malic, nicotinic,
rosmarinic, salicylic, succinic, tannic, and tartaric acids. The relationship between MIC
and LD50 is crucial in determining the suitability of organic acids as food preservatives,
ensuring that they are effective against bacteria at concentrations that are not harmful
to humans. While no presented organic acid is carcinogenic, many can cause adverse
effects such as skin sensitization, eye irritation, and potential nephrotoxicity, hepatotoxicity,
or neurotoxicity.
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