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Abstract: Non-thermal technologies allow for the nutritional and sensory properties of foods to be
preserved, something that consumers demand. Combining their use with antimicrobial peptides
(AMPs) provides potential methods for food preservation that could have advantages over the use of
chemical preservatives and thermal technologies. The aim of this review was to discuss the advances
in the application of non-thermal technologies in combination with AMPs as a method for microbial
inactivation. Published papers reporting studies on the combined use of power ultrasound (US),
pulsed electrical fields (PEF), and high hydrostatic pressure (HHP) with AMPs were reviewed. All
three technologies show a possibility of being combined with AMPs, generally demonstrating higher
efficiency than the application of US, PEF, HHP, and AMPs separately. The most studied AMP used in
combination with the three technologies was nisin, probably due to the fact that it is already officially
regulated. However, the combination of these non-thermal technologies with other AMPs also shows
promising results for microbial inactivation, as does the combination of AMPs with other novel
non-thermal technologies. The effectiveness of the combined treatment depends on several factors; in
particular, the characteristics of the food matrix, the conditions of the non-thermal treatment, and the
conditions of AMP application.

Keywords: bacteriocin; nisin; ultrasound; high hydrostatic pressure; pulsed electric fields;
chemical preservatives

1. Introduction

Recently, the development of new food products has been directed toward producing
healthier foods that have characteristics similar to those observed in fresh products, with
increased nutritional and functional properties, and no additives [1,2]. Consumers are
showing a lower preference for food products that have been subjected to conventional
thermal technologies, such as pasteurization and sterilization [3]. These technologies can
involve temperatures higher than 80 ◦C, which can deteriorate food quality by affecting
the organoleptic properties of the product and destroying its nutritional compounds [4,5].
Therefore, non-thermal processing technologies, which are considered less aggressive than
thermal treatments, have been developed. These technologies preserve the functional and
organoleptic characteristics of processed foods [6].

Non-thermal technologies include ultrasound (US), high-intensity pulsed electric
fields (PEF), and high hydrostatic pressure (HHP) processes. The potential of these tech-
nologies to guarantee food safety lies in their ability to rupture microbial membranes
through physical forces. However, when applied at the levels required to preserve food
properties, these technologies may not be enough to inhibit microbial growth [5,7]. Thus,
non-thermal technologies have been coupled with antimicrobial agents, mainly derived
from bacteria, known as antimicrobial peptides (AMPs) [8]. AMPs are broad-spectrum
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biological preservatives that can inactivate bacteria, fungi, and viruses [9]. Previous studies
have shown that the preservative activity of AMPs increases when they are combined with
other preservative agents, such as chemical preservatives [10–13]. AMPs have also been
combined with US, PEF, and HHP technologies to avoid the excessive use of chemical
preservatives, which have been associated with food toxicity and the development of cancer
and other degenerative diseases [14].

It is essential to understand the current use of non-thermal and AMP technologies
to promote their future industrial upscaling and the development of new products. The
combination of non-thermal technologies with AMPs aims to (1) amplify the individual
effect of both food preservative methods, and (2) replace the use of chemical preservatives
to reduce health risks, while securing food safety. To our knowledge, no previous review
has covered these topics. Therefore, we aimed to review and discuss the current published
knowledge on non-thermal technologies combined with AMPs as an alternative method for
microbial inactivation. In Section 2, we review the current information on AMPs, including
their classification, mechanisms of action, and potential use in food products. We also
discuss both the acceptable daily intake and the antimicrobial effects of the most commonly
used chemical preservatives in the food industry, and compare them with those resulting
from their combination with AMPs. Section 3 compiles information about the use of the
three non-thermal technologies (US, PEF, and HHP) and their combination with AMPs,
including the effect of the AMPs on microbial inactivation in different food matrices. In
Section 4, we review the current applications and regulation of the three non-thermal
technologies and the AMPs used in the food industry as methods of microbial inactivation.
Here, we also discuss the challenges of industrial upscaling. Finally, Section 5 offers the
main conclusions regarding the progress achieved in this field of study.

2. Antimicrobial Peptides

AMPs, also known as bacteriocins, are mainly produced by lactic acid bacteria. These
peptides are synthesized in the ribosomes and released into the extracellular space [15]. Dif-
ferent AMPs have different inhibition spectra, biochemical characteristics, and mechanisms
of action. These functional differences are mainly due to their disparate structures [16].

Some of the AMPs derived from lactic acid bacteria have been evaluated in specific
food matrices, such as the use of nisin in fruit juices [17,18], pediocin in meat products [19,20],
and thurincin H in orange juice and cow’s milk [8], among others [21,22]. These AMPs
have been proven to be effective against the growth of microorganisms such as Listeria
monocytogenes, Escherichia coli, Shigella flexneri, and other pathogens of great importance
to food safety [17,22–24]. Because they are innocuous, these AMPs are considered to
be of food-grade quality, which is of great interest to the food industry. Additionally,
because AMPs have similar effects to those of chemical preservatives, they represent an
alternative for food preservation that both avoids adverse health effects and preserves
organoleptic properties.

2.1. Antimicrobial Peptide Classification

AMPs are classified into three main classes according to their structure and molecular
weight (Table 1). The first AMP classification, proposed by Klaenhammer [25] and adjusted
by Duraisamy et al. [26], includes post-translationally modified peptides with 19-50 amino
acid residues; nisin being the best-known bacteriocin in this class. Class II includes non-
modified, heat-stable peptides with molecular weights from 4 to 8 kDa, such as pediocin.
Finally, large and heat-labile proteins with molecular weights higher than 30 kDa make up
Class III. Little is known about the mechanism of action of these bacteriocins [27]. Class III
includes streptococcin A-M57, which is produced by S. pyogenes [27].
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Table 1. Antimicrobial Peptide Classification *.

Class Bacteriocin Mass (kDa) Bacteriocin Producing Organism Reference

I:
lantibiotic post-translationally
modified peptides (1-3 kDa)

Nisin 3.352 Lactobacillus lactis [28]
Nisin U 3.029 Staphylococcus uberis [29]

Labyrinthopeptin A2 1.922 Actinomadura sp. [30]
Subtilosin A 3.399 Bacillus subtilis 168 [31]

II:
non-lantibiotic non-modified

linear peptides (4-8 kDa)

Pediocin PA1 4.629 Pediococcus acidilactici [32]
Lactafin F 4.755 Lactobacillus johnsonii [33]

Carnocyclin A 5.862 Carnobacteroium maltaromaticum UAL307 [34]
Enterocin EJ97 5.340 Enterococcus faecalis

[35]Enterocin K1 4.561 Enterococcus faecium En Gen002
Microcin E492 7.887 Klebsiella pneumoniae [36]

III:
heat labile proteins (>30 kDa)

Enterolisin A 34.501 Enterococcus faecalis LMG2333 [37]
Helveticin J 37.535 Lactobacillus helveticus 481 [38]

Helveticin-M 35.000 Lactobacillus crispatus [39]

* Adapted from Duraisamy et al. [26].

2.2. Antimicrobial Peptide Mechanisms of Action

AMPs interact with bacterial membranes, causing the release of intracellular material
and, eventually, cell death [15]. The first interaction occurs due to the electrostatic attraction
between the cationic AMPs and the anionic nature of the cell membrane surface [40].
This attraction results in the formation of transmembrane pores [41]. Bacterial membrane
permeabilization due to AMPs is described by barrel-stave, carpet-like, and toroidal-pore
models [42].

The barrel-stave model states that the AMP inserts into the membrane and adopts
a perpendicular orientation. The amphipathic characteristics of the AMPs promote their
interaction with the cell membrane lipids, which results in the formation of a helical-shaped
transmembrane pore, the release of intracellular material, and, finally, cell death [42].

The toroidal-pore model describes the interaction between the hydrophobic segment
of the AMP molecule and the polar end of the phospholipids in the cell membrane. This
interaction induces monolayer curvature and marks the spot where the AMP will form
a pore, which, as is also described in the barrel-stave model, results in the release of
intracellular material and cell death [42,43].

Lastly, the carpet-like model states that the AMPs cover the surface of the cell mem-
brane, simulating a carpet. After reaching a specific threshold, AMPs enter the membrane
by forming micelles with phospholipids; this induces lipid bilayer curvature, membrane
denaturation, and cell death [43].

2.3. The Use of Antimicrobial Peptides in Food Preservation

As food preservatives, AMPs can provide food safety benefits mainly by reducing
the use of chemical preservatives [15]. AMPs preserve the organoleptic characteristics
of processed foods, which is desirable for consumers [44]. A relatively new preservation
technique, AMPs contribute to the clean labeling of food products, that is, the provision of
food products without chemical preservatives [45].

Among the AMPs that have been recognized as safe by the Food and Drug Administra-
tion (FDA) is nisin. This AMP is used in the food industry to avoid microbial contamination
of food products [28]. Pediocin PA-1, effective against contamination of vegetables by
L. monocytogenes, is also used commercially [13], and enterocin AS-48 and CCM4231 effec-
tively prevent microbial growth in fruit and vegetable juices and canned food [46]. In the
following section, we review the use of different chemical preservatives and how AMPs
could represent viable alternatives.
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2.4. The Use of Antimicrobial Peptides with Chemical Preservatives

Due to their low cost and high accessibility, chemical preservatives are widely used in
the food industry to increase the shelf life of food products that are particularly susceptible
to contamination by pathogenic microorganisms [47]. Chemical preservatives must be
non-toxic and readily soluble in the food product. Additionally, these chemicals must not
transfer unpleasant flavors when used to decrease microbial growth. Most approved chem-
ical preservatives are considered safe, but in uncontrolled amounts they can have adverse
health effects, such as cancer, Alzheimer’s disease, type 2 diabetes, and other degenerative
diseases [14,48]. Therefore, usage criteria and specific concentrations (i.e., maximum per-
missible doses) have been established as international standards for each preservative and
specific food matrix [49]. Table 2 shows the most commonly used chemical preservatives in
the food industry, including some AMPs already regulated for use in food products.

Table 2. Maximum doses of some preservatives commonly used in the food industry.

Preservative Food Product Maximum Dose

Benzoates (benzoic acid, and sodium,
potassium, and calcium salts).

Fruit juices and concentrates,
sauces, and similar products. 1000 mg/kg

Phosphates (phosphoric acid,
trisodium phosphate).

Fruit juices, concentrates, and
nectars, and flavored
water-based drinks.

1000 mg/kg

Sorbates (sorbic acid, potassium, and
calcium salts).

Fruit juices, concentrates, and
nectars, flavored milk drinks,
sauces, and similar products.

1000 mg/kg

Sulfites (sulfur dioxide, sodium, and
potassium sulfite)

Fruit and vegetable juices, fruit
concentrates and nectars. 50 mg/kg

Lysozyme (lysozyme hydrochloride) Cider, pear cider, and grape wines 500 mg/L
Natamycin (pimaricin) Cheese and similar products 40 mg/kg

Nisin Cheese and similar products 12.5 mg/kg
Source: FAO [49].

In the food industry, the most widely used chemical preservatives are benzoic acid and
sorbic acid, and their salts [50]. However, their long-term excessive use has been associated
with degenerative diseases, such as cardiovascular disease, and food poisoning [14,48].
Therefore, alternative options have been sought to reduce their use, including by partially
replacing them with AMPs. Table 3 shows the effects of different chemical preservatives
when they are combined with AMPs in food matrices.

Bari et al. [13] studied pediocin and nisin in combination with sodium lactate, citric
acid, phytic acid, potassium sorbate, and EDTA in cabbage, broccoli, and mung bean
sprouts (Table 3). The authors observed that the combinations of phytic acid with both
bacteriocins were most effective in reducing the growth of Listeria monocytogenes in cabbage
and broccoli.

Cobo et al. [12] reported maximum inactivation of Listeria monocytogenes in Russian-
type salad using a mixture of enterocin AS-48 with different essential oils (Table 3). Im-
proved inactivation of microbial growth in this product was obtained when each of the
tested natural preservatives was combined with enterocin AS-48, compared to the chemical
preservatives or AMPs alone. The most effective combinations were thymol, terpineol, ty-
rosol, or isopropyl methyl phenol with enterocin AS-48, all of which resulted in viable cells
being not detected in Russian type salad. In ready-to-eat products, Anacarso et al. [11] eval-
uated the effect of enterocin 416K1 and chitosan on Listeria monocytogenes. They reported
that the antimicrobial activity of the combined preservatives in apples, grapes, mixed
salad, carrots, and zucchini was more significant than that observed for the individual
preservatives. Kashani et al. [10] reported a more significant inactivation of Staphylococcus
aureus ATCC 1112 in a Mueller–Hinton nutrient broth using benzoic acid and sodium nitrite
when in combination with nisin. These results favor the reduction of chemical preservatives
in the food industry.
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Table 3. Effect of chemical preservatives and antimicrobial peptides (AMPs) on microbial inactivation in food matrices.

Media Chemical Preservative AMP
AMP

Concentration Microorganism

Maximal Inactivation (log CFU/g)

ReferenceChemical
Preservative AMP Combination

Mueller–Hinton
Broth

Benzoic acid 50 ppm Nisin 350 ppm S. aureus Not reported Not reported 5.69
[10]Sodium nitrite 200 ppm Nisin 100 ppm L. monocytogenes Not reported Not reported 5.69

Apples, grapes Chitosan 2% Enterocin 416K1 1920 AU/mL L. monocytogenes 2.2 * 4 * n.d. * [11]

Pineapple, melon Chitosan 2% Enterocin 416K1 1920 AU/mL L. monocytogenes 1 * 1 * 1 * [11]

Zucchini, corn,
radishes Chitosan 2% Enterocin 416K1 1920 AU/mL L. monocytogenes 2 * 2 * 2 * [11]

Mixed salad,
carrots, zucchini Chitosan 2% Enterocin 416K1 1920 AU/mL L. monocytogenes 2.4 * 1.9 * 3 * [11]

Russian-type salad

Carvacrol 30 mM Enterocin AS-48 30 µg/g L. monocytogenes 4.42 ** 3.87 ** 1.00 **

[12]

Eugenol 32 mM Enterocin AS-48 30 µg/g L. monocytogenes 3.80 ** 3.87 ** 0.69 **
Thymol 5 mM Enterocin AS-48 30 µg/g L. monocytogenes 3.34 ** 3.87 ** n.d. **

Terpineol 30 mM Enterocin AS-48 30 µg/g L. monocytogenes 3.47 ** 3.87 ** n.d. **
Tyrosol 0.5 mM Enterocin AS-48 30 µg/g L. monocytogenes 3.90 ** 3.87 ** n.d. **

Caffeic acid 1 mM Enterocin AS-48 30 µg/g L. monocytogenes 2.60 ** 3.87 ** 0.47 **
Ferulic acid 10 mM Enterocin AS-48 30 µg/g L. monocytogenes 3.43 ** 3.87 ** 1.65 **
Vanillic acid 1 mM Enterocin AS-48 30 µg/g L. monocytogenes 3.43 ** 3.87 ** 2.09 **

Isopropyl methyl phenol 5mM Enterocin AS-48 30 µg/g L. monocytogenes 2.41 ** 3.87 ** n.d. **

Cabbage

Sodium lactate 2% Pediocin 100 AU/mL L. monocytogenes Not reported 1.94 2.04

[13]

Citric acid 10 mM Pediocin 100 AU/mL L. monocytogenes Not reported 1.94 2.21
Phytic acid 0.02% Pediocin 100 AU/mL L. monocytogenes Not reported 1.94 2.50

Potassium sorbate 0.02% Pediocin 100 AU/mL L. monocytogenes Not reported 1.94 1.96
EDTA 0.02M Pediocin 100 AU/mL L. monocytogenes Not reported 1.94 2.44

Sodium lactate 2% Nisin 50 µg/mL L. monocytogenes Not reported 2.77 3.22
Citric acid 10 mM Nisin 50 µg/mL L. monocytogenes Not reported 2.77 2.47
Phytic acid 0.02% Nisin 50 µg/mL L. monocytogenes Not reported 2.77 4.35

Potassium sorbate 0.02% Nisin 50 µg/mL L. monocytogenes Not reported 2.77 2.43
EDTA 0.02M Nisin 50 µg/mL L. monocytogenes Not reported 2.77 2.94
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Table 3. Cont.

Media Chemical Preservative AMP
AMP

Concentration Microorganism

Maximal Inactivation (log CFU/g)

ReferenceChemical
Preservative AMP Combination

Broccoli

Sodium lactate 2% Pediocin 100 AU/mL L. monocytogenes Not reported 1.11 1.53

[13]

Citric acid 10 mM Pediocin 100 AU/mL L. monocytogenes Not reported 1.11 2.35
Phytic acid 0.02% Pediocin 100 AU/mL L. monocytogenes Not reported 1.11 1.70

Potassium sorbate 0.02% Pediocin 100 AU/mL L. monocytogenes Not reported 1.11 1.43
EDTA 0.02 M Pediocin 100 AU/mL L. monocytogenes Not reported 1.11 1.90

Sodium lactate 2% Nisin 50 µg/mL L. monocytogenes Not reported 2.55 1.65
Citric acid 10 mM Nisin 50 µg/mL L. monocytogenes Not reported 2.55 1.70
Phytic acid 0.02% Nisin 50 µg/mL L. monocytogenes Not reported 2.55 4.18

Potassium sorbate 0.02% Nisin 50 µg/mL L. monocytogenes Not reported 2.55 1.55
EDTA 0.02 M Nisin 50 µg/mL L. monocytogenes Not reported 2.55 2.47

Mung bean sprout

Sodium lactate 2% Pediocin 100 AU/mL L. monocytogenes Not reported 1.54 1.20

[13]

Citric acid 10 mM Pediocin 100 AU/mL L. monocytogenes Not reported 1.54 1.59
Phytic acid 0.02% Pediocin 100 AU/mL L. monocytogenes Not reported 1.54 1.36

Potassium sorbate 0.02% Pediocin 100 AU/mL L. monocytogenes Not reported 1.54 1.06
EDTA 0.02 M Pediocin 100 AU/mL L. monocytogenes Not reported 1.54 1.38

Sodium lactate 2% Nisin 50 µg/mL L. monocytogenes Not reported 1.31 1.06
Citric acid 10 mM Nisin 50 µg/mL L. monocytogenes Not reported 1.31 1.23
Phytic acid 0.02% Nisin 50 µg/mL L. monocytogenes Not reported 1.31 1.57

Potassium sorbate 0.02% Nisin 50 µg/mL L. monocytogenes Not reported 1.31 0.82
EDTA 0.02 M Nisin 50 µg/mL L. monocytogenes Not reported 1.31 1.50

n.d., no viable cells detected; *, log-reduction; **, viable cell count.



Processes 2022, 10, 995 7 of 23

It is important to consider the maximum permissible doses for AMPs. One way to
enhance the antimicrobial effect of AMPs is through combination with other technologies.
Based on the studies summarized in Table 3, bacteriocins can enhance microbial inhibi-
tion when combined with organic acids, essential oils, and other chemical preservatives.
However, one way to avoid using potentially harmful substances is to combine AMPs with
non-thermal technologies, such as US, PEF, or HHP. The microbial inactivation of these
technologies alone, and in combination with AMPs, is reviewed in the following section.

3. Non-Thermal Technologies Combined with Antimicrobial Peptides

This section compiles information about three non-thermal technologies (US, PEF, and
HHP) and their combined use with AMPs in different food matrices.

3.1. Ultrasound

Ultrasound (US) is a non-thermal technology used for food preservation. This tech-
nology generates acoustic waves that propagate in liquid media and create a vibration
composed of compression and expansion cycles. Under optimal temperature (5000 K) and
pressure (>199 MPa), these vibrations produce microbubbles that, upon reaching a critical
size, implode, leading to cavitation. The collapse of these bubbles generates shear forces
that favor mass transfer and particle displacement [51].

Gao et al. [52] mention some specific advantages of US, including its efficiency in
inactivating vegetative cells, spores, and enzymes. This technology reduces processing
temperature and time without having any adverse effects on the quality of the final product.
However, the effects of US on processed food depend on the parameters used, such as
temperature, intensity, power, and time, and on the properties of the food matrix [51].
For example, US treatment with a frequency of 20 kHz can improve the stability of fruit
juices, even after only a few minutes of treatment, and this can be attributed to a decrease
in particle size as a result of cavitation [7]; while in milk, US treatment at 24 kHz can
oxidize unsaturated fatty acids due to the hydroperoxide free radicals produced during
cavitation [53].

3.1.1. Effect of US on Microbial Inactivation in Food Matrices

Microbial inactivation by US in different food matrices occurs through various
mechanisms [51]. As shown in the first mechanism in Figure 1, changes in cell permeabil-
ity occur due to the progressive heating of the microbial plasma membrane that results
from the absorption of US-derived acoustic energy. The second mechanism involves the
formation of free radicals that can damage microbial DNA. Additionally, peroxides formed
during cavitation have bactericidal and bacteriostatic properties [54]. However, microbial
inactivation (or stimulation) depends on the particular US parameters [51]. More specifi-
cally, microbial inactivation by US mainly depends on treatment intensity and duration.
For example, high-intensity US treatments can cause irreversible cell damage, while at low
intensities the US can stimulate microbial proliferation and metabolism [55]. For instance,
low-intensity US treatment can accelerate the proliferation of Saccharomyces cerevisiae due
to an increase in cytoplasmic Ca2+ concentration [56].

3.1.2. Effect of US and AMPs on Microbial Inactivation in Food Matrices

US alone is insufficient to achieve adequate microbial inactivation [7]. Since AMPs can
inhibit microorganisms by forming pores in the cell membrane, their combined use with US,
which also induces pore formation, can increase its antimicrobial activity. Table 4 reviews
the most recent studies investigating the combined use of US and AMPs in food matrices.
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Figure 1. Mechanisms of microbial inactivation by ultrasound [51,54] (Created with BioRender.com;
accessed on 30 March 2022). DNA: Deoxyribonucleic acid, ATP: Adenosine triphosphate.

As shown in Table 4, the AMP most studied in combination with US is nisin.
Wang et al. [44] studied the inactivation of E. coli in either nutrient broth, phosphate
buffered saline, or milk using US and nisin under controlled conditions (Table 4). Their
results suggest that the microbial inactivation is mainly due to the effects of the US treat-
ment, since nisin has a weak effect on E. coli. Subsequently, Liao et al. [18] reported that
the combination of US and nisin at temperatures higher than 37 ◦C had an effect on the
growth of aerobic mesophilic bacteria in apple juice (Table 4); but this combination did
not affect the growth of molds or yeasts. The authors highlight the potential use of this
combination to produce preserved apple juice with characteristics similar to the fresh prod-
uct. Freitas et al. [57] optimized the inactivation of S. flexneri in a growth medium using
US and nisin at different pH values. The authors observed that microbial inactivation was
more effective at lower pH values. Importantly, nisin remained active after US treatment
under refrigerated conditions. The combined effect of US and different concentrations
of nisin on microbial growth has also been evaluated in carrot juice [58], grape juice [59],
milk [60], and orange juice [61]. Combined treatment was more effective than either US or
nisin alone. Together, these studies suggest that the combined use of nisin with US is not
equally effective for all microorganisms. Therefore, it is essential to also review the use of
US combined with other AMPs.

In addition to nisin, other AMPs have been studied in combination with US (Table 4).
Wu & Narsimhan [23] found that the combination of US with melittin has a synergistic effect
on the inactivation of L. monocytogenes due to the transient pores formed after sonication.
Fitriyanti & Narsimhan [22] investigated the combined effect of cecropin P1 and US on
E. coli O157:H7. These authors reported that the combined treatment is more effective
against the studied microorganism than either the US or AMP alone. Yikmiş [21] studied
the combined use and effect of US and natamycin on aerobic mesophilic bacteria, molds, and
yeasts in pomegranate juice. The author found a significant reduction in the microbial load
to levels acceptable for general quality parameters, and highlighted the potential use of this
combination to increase the nutritional value of the juice. Recently, Ruiz-De Anda et al. [8]
reported the synergistic effect of US and thurincin H on the growth of L. innocua and
E. coli in orange juice and milk, observing that US augmented the effect of thurincin
H, demonstrating their potential use for antimicrobial applications in the food industry.
Together, these studies show that, besides nisin, other AMPs could be combined with US to
improve microbial inactivation in food matrices.

BioRender.com
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In conclusion, although several studies have evaluated the combined use of US and
different AMPs for microbial inactivation in different matrices, several combinations have
not yet been explored. Notably, most of the reviewed studies employed an ultrasonic probe.
The use of a probe implies the use of higher power and intensity, in addition to being more
expensive than an ultrasonic bath, which, unlike the probe, allows batch treatment and
provides less severe treatment conditions. For future studies, it would also be interesting to
evaluate the combination of US with several AMPs simultaneously.

Table 4. Effect of ultrasound (US) and antimicrobial peptides (AMPs) on microbial inactivation in
food matrices.

Media US Device US Parameters AMP AMP
Concentration

Microorganism
Maximal Inactivation

Reference
US AMP US + AMP

Milk
Ultrasonic probe,

UCD-150, BIOBASE,
Jinan, China

20–25 kHz;
150 W, 16–30

min, 30 ± 5 ◦C
Thurincin H 40 ppm

L. innocua 0.4 log
CFU/mL

<0.1 log
CFU/mL

0.7 log
CFU/mL

[8]
E. coli 1.1 log

CFU/mL
<0.1 log

CFU/mL
2.8 log

CFU/mL

Orange
juice

Ultrasonic probe,
UCD-150, BIOBASE,

Jinan, China

20–25 kHz;
150 W (B);
16–30 min;
30 ± 5 ◦C

Thurincin H 40 ppm
L. innocua 0.8 log

CFU/mL
5.5 log

CFU/mL
5.5 log

CFU/mL
[8]

E. coli 1.5 log
CFU/mL

1 log
CFU/mL

3.4 log
CFU/mL

Orange
juice

Ultrasonic probe,
ATPIO-1000D Xianou Co.,

Nanjing, China

20-25 kHz;
7000 W;

10 min; 50 ◦C
Nisin 200 ppm

Aerobic bacteria 2.3 log
CFU/mL * Not reported

1.4 log
CFU/mL *

[61]E. coli n.d. * n.d. *
Molds n.d. * n.d. *

Xanthan
gum

Ultrasonic device
designed by

Costello et al. [60]
500, kHz; 30 W;
30 min; 20 ◦C Nisin 35 UI/mL

L. innocua 6 CFU/mL * 6 CFU/mL * 5 log
CFU/mL * [60]

E. coli 4.8 log
CFU/mL 6 CFU/mL * 4 log

CFU/mL *

Grape juice
Ultrasonic probe,

ATPIO-1000D, Xianou
Co., Nanjing, China

20–25 kHz;
7000 W;

10 min; 55 ◦C
Nisin 200 ppm

Aerobic bacteria 1.9 log
CFU/mL *

Not reported

1.7 log
CFU/mL *

[59]E. coli n.d. * n.d. *

Yeast and mold 2.2 log
CFU/mL *

2.1 log
CFU/mL *

Carrot juice
Ultrasonic probe,

SCIENTZ-IID, Scientz
Biotech Co.,

Ningbo, China

20 kHz;
271,321 W;

10 min; 3 ◦C
Nisin 80 ppm

Aerobic bacteria 3 log cycles
Not reported

3.7 log cycles
[58]Yeast and mold 3.6 log

cycles 3.7 log cycles

Pomegranate
juice

Ultrasonic probe,
UP200St, Hielscher
Ultrasonics, Teltow,

Germany

26 kHz; 48 W,
5 min Natamycin 12.5 ppm

Aerobic bacteria n.d. * 4.2 log
CFU/mL * n.d. *

[21]Yeast and mold n.d. * n.d. * n.d. *
Lactic acid

bacteria n.d. * 3.9 log
CFU/mL n.d. *

Growth
medium

Ultrasonic probe, VCX
130 Cell, Sonics,

Oklahoma City, OK, USA

20 kHz; 130 W;
20 min; <52 ◦C;

pH 4.5
Nisin 175 µM S. flexneri <1 log

CFU/mL
1.3 log

CFU/mL
3.5 log

CFU/mL [57]

Milk (100%)
Ultrasonic probe, Sonifier
450, Branson Ultrasonics,

Brookfield, CT, USA

20 kHz; 160 W;
60 min; 25 ◦C;

pH 4
Cecropin P1 20 µg/mL E. coli 106

CFU/mL * 107 CFU/mL * 105 CFU/mL * [22]

Orange
juice (100%)

Ultrasonic probe, Sonifier
450, Branson Ultrasonics,

Brookfield, CT, USA

20 kHz; 160 W;
60 min; 25 ◦C;

pH 4
Cecropin P1 20 µg/mL E. coli 105

CFU/mL * 106 CFU/mL * 103 CFU/mL * [22]

Phosphate
buffered

saline

Ultrasonic probe, Sonifier
450, Branson Ultrasonics,

Brookfield, CT, USA

20 kHz; 160 W;
60 min; 25 ◦C;

pH 4
Cecropin P1 20 µg/mL E. coli 107

CFU/mL * 106 CFU/mL * 103 CFU/mL * [22]

Apple juice
Ultrasonic probe,

Scientz-IID, Scientz
Biotech Co.,

Ningbo, China

20–25 kHz;
950 W; 40 min;

52 ◦C
Nisin 100 ppm

Aerobic bateria 2.8 log
cycles

Not reported
3.6 log cycles

[18]
Yeast and mold 3.1 log

cycles 1.5 log cycles

Nutrient
broth

Ultrasonic probe,
Scientz-IID, Scientz

Biotech Co.,
Ningbo, China

968 W/cm2 ;
5 min; 0 ◦C

Nisin 20 ppm E. coli 0.7 log
cycles Not reported 0.8 log cycles [44]

Phosphate
buffered

saline

Ultrasonic probe,
Scientz-IID, Scientz

Biotech Co.,
Ningbo, China

968 W/cm2 ;
5 min; 0 ◦C

Nisin 20 ppm E. coli 0.9 log
cycles Not reported 1 log cycles [44]

Milk
Ultrasonic probe,

Scientz-IID, Scientz
Biotech Co.,

Ningbo, China

968 W/cm2 ;
5 min; 0 ◦C

Nisin 20 ppm E. coli 0.9 log
cycles Not reported 1 log cycles [44]

Growth
medium Ultrasonic bath

20–100 kHz;
60 W; 60 min;

25 ◦C
Melittin 0.78 µg/mL L. monocytogenes 4 log

CFU/mL *
6.5 log

CFU/mL * n.d. * [23]

US parameters: frequency (kHz), power (W or W/cm2), treatment times (min), temperature (◦C), pH, maximal
inactivation (log CFU/mL or log cycles); n.d., no viable cells detected; *, viable cell count.
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3.2. Pulsed Electric Fields

Pulsed electric fields (PEF) technology is a promising non-thermal method used in the
food industry to process liquid products such as fruit juices, dairy products, liquid eggs,
and alcoholic beverages. The effectiveness of this technology relies on the concentration of
ions in these food products. These ions act as electrical charge carriers [62]. During this
treatment, food products receive high-intensity PEF for microseconds, passing through
a processing chamber where an electric field above 10 kV/cm is applied [63]. In these
chambers, high-voltage pulses are supplied to the system by a generator with the desired
strength, shape, and duration.

PEF provide treated food products with some advantages related to their functional-
ity, extractability, and retention of compounds with beneficial nutritional properties [64].
However, some disadvantages include a change in taste and pH that occurs when electrode-
derived components are released into the food products due to the electrode corrosion
produced by the electrochemical reactions that take place inside the PEF chamber [65].

3.2.1. Effect of PEF on Microbial Inactivation in Food Matrices

To achieve microbial inactivation, PEF rupture or change the cell membrane structure,
thus increasing permeabilization, which may or may not be reversible. These events can
lead to physiological and biochemical changes, and even cell death [66]. During treatment
with PEF, a membrane pore is formed through a process known as electroporation, which
is the main mechanism of microbial inactivation. This mechanism is divided into four
phases [66]. The first phase consists of inducing a transmembrane potential that leads to
the formation of different sizes and numbers of hydrophilic pores. These pores favor the
leakage of intracellular material and entry of extracellular substances, as shown in Figure 2.

Figure 2. Mechanisms of microbial inactivation by pulsed electric fields [66] (Created with BioRender.
com; accessed on 30 March 2022). DNA: Deoxyribonucleic acid, ATP: Adenosine triphosphate.

3.2.2. Effect of PEF and AMPs on Microbial Inactivation in Food Matrices

To achieve the electroporation of bacterial cells, it is necessary to apply an electric field
intensity of 10-14 kV/cm. However, PEF are not effective against gram positive bacteria,
yeasts, and spores under these conditions [64]. Therefore, to increase their efficiency, PEF
have been studied in conjunction with AMPs such as nisin and enterocin AS-48 [67–69].
Table 5 reviews the studies that have evaluated the combined effects of PEF and AMPs on
microbial inactivation in food matrices.
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According to Table 5, nisin and enterocin AS-48 are the AMPs most studied for
combination with PEF. Terebiznik et al. [70] studied the combined effect of PEF and nisin
on E. coli in simulated milk ultrafiltrate. The authors reported that PEF inhibited the effect
of nisin. This inhibition was a possible consequence of the non-specific binding of nisin
to cell debris released from E. coli through the pores formed by the PEF. Furthermore, the
authors observed that nisin seems to have a protective effect against PEF effects on bacterial
cells. However, by adding NaCl, the authors modified the non-specific binding of nisin
and improved the lethality of the combined treatment [71].

Sobrino-López & Martín-Belloso [72], using high-intensity PEF and nisin in skimmed
milk, demonstrated the synergistic effect of both technologies on S. aureus, with the highest
efficiency observed at neutral pH values. This synergism could result from increased cell
permeability induced by PEF, promoting nisin sensitization. The authors highlight the po-
tential use of this combination as a preservative method for milk and other dairy products.

Bermúdez-Aguirre & Barbosa-Cánovas [73] studied the inactivation of Bacillus cereus
spores in milk using PEF combined with nisin at temperatures of 65 ◦C. The authors
managed to almost completely inactivate the spores of B. cereus using nisin. However,
resistance to the combined treatment observed in B. cereus could be due to the fat present in
the milk, which could affect nisin activity.

It appears that nisin is sensitive to extreme conditions and that the food matrix com-
position is an important factor in the activity of nisin against specific microorganisms.
Therefore, it is important to study other AMPs which may be resistant to more severe
PEF conditions.

In addition to nisin, the combined treatment of PEF with enterocin AS-48 has also
been studied in different food matrices [69,74–76]. The matrices were subjected to the
same PEF processing conditions, but with different concentrations of enterocin AS-48.
These combined treatments were evaluated against S. enterica, S. aureus, L. diolivorans, and
P. parvulus [76]. The authors reported that the combined treatment was more effective for
microbial inhibition than the individual treatments (Table 5). The highest inactivation
was observed for P. parvulus [76], achieving at the same time, better microbial stability of
the product. Interestingly, enterocin AS-48 was more effective before treatment with PEF
than after.

In conclusion, microbial inactivation depends on the processing time, the concen-
trations of AMPs, the pH of the medium, and the sequence in which the treatments
are applied.

Different types of electric fields have been established and used under different work-
ing conditions to manipulate bacterial viability based on the nature of the cells [77]. In
addition to PEF, there is moderate electric field (MEF) treatment. MEF technology is char-
acterized by a lower electric field (1 V/cm to 1 kV/cm) than that generally used for PEF
(10 to 14 kV/cm) [77]. Depending on the intensity, frequency, and electric field waveform,
cell membrane permeabilization and pore formation can be controlled. Additionally, MEF
treatment seems to have fewer adverse effects on the organoleptic properties of the food
product compared to the aftertaste that PEF can cause [77].

Mok et al. [78] reported a synergistic inhibitory effect on the growth of E. coli K12 and
L. innocua in apple juice and kale using shear-stress-MEF (SS-MEF) and nisin. SS-MEF
alone achieved 1.1 and 2.9 log inactivation in five minutes, respectively. In contrast, the
combination of SS-MEF with nisin reached a 5-log reduction in less than five minutes.
These combined technologies were effective against the growth of both microorganisms
without changing the color or pH of the juice. The individual use of SS-MEF also did not
affect these two parameters. However, sensory studies are needed in order to develop
preserved products that retain their original flavors while being safe.
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Table 5. Effect of pulsed electric fields (PEF) and antimicrobial peptides (AMPs) on microbial
inactivation in food matrices.

Media PEF Device PEF
Parameters AMP

AMP
Concentration Microorganism

Maximal Inactivation
Reference

PEF AMP PEF + AMP

Whole and
skim milk

Pilot plant, Physics
International, USA

40 kV/cm;
2.5 µs (p.w.);
10 Hz; 65 ◦C;
276, 144 n.p.

Nisin 50 IU/mL Bacillus cereus 2.5 log
spores/mL Not reported 3.6 log

spores/mL [73]

Apple juice
PEF unit, OSU-4F HIPEF,

Ohio State
University, USA

35 kV/cm;
1000 µs (t);
4 µs (p.w.);

150 Hz; 20 ◦C

Enterocin
AS-48 0.613 AU/mL Pediococcus

parvulus
3.1 log

CFU/mL
3.7 log

CFU/mL
6.6 log

CFU/mL [76]

Apple juice
PEF unit, OSU-4F HIPEF,

Ohio State
University, USA

35 kV/cm;
1000 µs (t);
4 µs (p.w.);

150 Hz; 20 ◦C

Enterocin
AS-48 2 µg/mL Lactobacillus

diolivorans 3 log < 1 log 4.9 log [74]

Skim milk
PEF unit, OSU-4F HIPEF,

Ohio State
University, USA

35 kV/cm;
1200 µs (t);
6 µs (p.w.);

75 Hz; 25 ◦C

Enterocin
AS-48 28 AU/mL Staphylococcus

aureus 3.5 log Values not
reported 4.5 log [75]

Apple juice
PEF unit, OSU-4F HIPEF,

Ohio State
University, USA

35 kV/cm;
1000 µs (t);
4 µs (p.w.);

150 Hz; 40 ◦C

Enterocin
AS-48 60 µg/mL Salmonella enterica 3 log cycles <1 Log 4.5 log cycles [69]

Skim milk
PEF unit, OSU-4F HIPEF,

Ohio State
University, USA

35 kV/cm;
2400 µs (t);
4 µs (p.w.);

100 Hz; 25 ◦C

Nisin 20 ppm Staphylococcus
aureus 1 log units <1 Log 6 log units [72]

Growth
medium

PEF system, Gene Pulser
II Electroporation,
Bio-Rad, Hercules,

CA, USA

5 kV/cm;
3 n.p.; 95 (w.a.) Nisin 1500 IU/mL Escherichia coli 0.2 log

cycles 3.2 log cycles 5 log cycles [71]

Simulated
milk

ultrafiltrate

Gene Pulser II
Electroporation system

(Bio-Rad)

11.25 kV/cm;
3 n.p. Nisin 7.15 µM Escherichia coli 1.5 log

cycles 3 log cycles 4 log cycles [70]

PEF parameters: field strength (kV/cm); treatment times (t, µs); pulse width (p.w., µs); pulse frequency (Hz);
temperature (◦C); number pulses (n.p.); water activity (w.a.).

3.3. High Hydrostatic Pressure

The high hydrostatic pressure (HHP) process, also known as cold pasteurization, is a
non-thermal technology capable of producing preserved food with sensory characteristics
similar to fresh products; it also extends shelf-life [79]. During HHP food processing, the
product is placed in a container of water and subjected to pressures ranging from 100 to
1000 MPa and temperatures of 60–65 ◦C, which ensures a decrease in microbial counts [80].
Two basic principles dictate the mechanism of action of the HHP process. The first of these
is Le Chatelier’s principle, which states that any process that is in equilibrium will evolve,
if disturbed, to counteract the disturbance. If there is a pressure variation in the system, it
will modify its volume to reestablish equilibrium [81]. The second principle that dictates
the mechanism of action of the HHP process is that of isostatic pressing. This principle
states that during the compaction of a system, the pressure is distributed uniformly in
every direction, regardless of its geometry; this is why a food product can be subjected to
HHP in its final packaging, regardless of its shape [80].

The advantages of HHP include the inactivation of enzymes that affect the quality
of the final product, which extends its shelf life with minimal degradation of vitamins,
color, and taste [82]. However, being an expensive technology, its use at an industrial level
requires a significant investment.

3.3.1. Effect of HHP on Microbial Inactivation in Food Matrices

The antimicrobial effect of HHP processing is related to its simultaneous effects on cell
permeability, cell morphology, and biochemical reactions. However, the exact mechanism
by which HHP induces cell death is still unknown. The current hypothesis is that HHP
acts on proteins, ribosomes, and DNA simultaneously [80], as shown in Figure 3. This
treatment is an alternative to thermal preservation because it inactivates bacteria, yeasts,
and molds. However, its ability to inactivate viruses and bacterial spores is limited [82].
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Figure 3. Mechanisms of microbial inactivation by high hydrostatic pressure [80] (Created with BioRender.
com; accessed on 30 March 2022). DNA: Deoxyribonucleic acid, ATP: Adenosine triphosphate.

3.3.2. Effect of HHP and AMPs on Microbial Inactivation in Food Matrices

During HHP treatment, the food matrix is an important factor to consider due to the
protection it can provide to the microorganisms. It is also essential to consider the processing
time and temperature, since these parameters can cause changes in the composition of the
food product, the predominant microbiota, the pH, and the water activity [80].

Some bacterial species are more resistant to HHP than others; for example, S. aureus
is more resistant than Salmonella enterica. The most influential factors for this resistance
are species, applied pressure, and pH [83]. Therefore, it has been hypothesized that the
combined use of HHP and AMPs could increase cell death, due to the damage caused to the
cell membrane by HHP resulting in sensitization to AMPs [84]. Table 6 reviews the studies
that have evaluated the combined effects of HHP and AMPs on microbial inactivation in
food matrices.

Based on the information in Table 6, the combination of HHP with nisin has been
widely studied in different food matrices. Black et al. [85] studied the combined effect of
HPP and nisin on the inactivation of Bacillus spores in milk. The authors reported that nisin
and HHP act synergistically to retard germination and improve inactivation of Bacillus
spores, compared to HHP and nisin alone.

Gao & Ju [86] studied the combination of HHP and nisin on the inactivation of Clostrid-
ium botulinum spores in milk using a response surface methodology. The authors reported
that, by optimizing the treatment, it is possible to completely inhibit C. botulinum [86].

Furthermore, Hereu et al. [87] studied the combined effect of HHP and nisin on
L. monocytogenes in slices of cured ham. The authors observed a greater inhibition of
L. monocytogenes during storage after treatment with HHP and nisin, compared to the
samples that were only treated with HHP. Therefore, this combination could control con-
tamination by L. monocytogenes in ready-to-eat meat products [87].

Aouadhi et al. [24] studied the effect of HHP and nisin on the inactivation of Bacillus
sporothermodurans spores in distilled water. The authors reported that the combination of
HHP and nisin at moderate temperature had a synergistic effect against B. sporothermodurans
spores. Using response surface modelling, they described how spore inactivation increased
with increasing pressure, temperature, and nisin concentration [24].

Pokhrel et al. [88] studied the combined effect of HHP and nisin on L. innocua and
E. coli in carrot juice. The authors observed a synergistic effect on the inactivation of
L. innocua and E. coli when applying HHP in combination with nisin at mild temperatures.

Finally, Oner [17] studied the effect of HHP combined with nisin on E. coli and
L. innocua in green juice. The author observed that the combined treatment was more
effective against E. coli than against L. innocua, and that there were no changes in pH or
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total soluble solids, although color changes were detected. The combination of HHP with
nisin proved to be a viable alternative to pasteurization for green juice [17].

In summary, the combination of nisin with HPP increases the effectiveness of microbial
inhibition, including that for spores. In some cases, it is possible to optimize conditions
and use shorter processing times, which could lead to savings in operating costs.

The combined use of HHP with AMPs other than nisin has also been studied (Table 6).
According to the results of these studies, it seems that the combination of HHP with nisin
has a stronger antimicrobial effect than the combination HHP with other AMPs.

The combined treatment of HHP with a mixture of nisin and pediocin AcH [89] caused
cell membrane collapse and cell lysis in L. monocytogenes, E. coli, and S. typhimunum.

Masschalck et al. [90] studied the inactivation of E. coli using a combination of HHP,
nisin, and lysozyme. They reported that the inactivation of E. coli was significantly higher
with the combined treatment than with the individual treatments, because HHP improves
the efficiency of both nisin and lysozyme; however, an inactivation limit can be reached
under mild pressures and temperatures.

Morgan et al. [91] studied the combined effect of HHP and lacticin 3147 on the inacti-
vation of S. aureus and L. innocua in milk. The authors reported a synergistic effect in the
inactivation of both microorganisms using the combined treatment; the activity of lacticin
3147 increased after treatment with HHP.

Garriga et al. [92] studied the combined effect of HHP and AMPs (nisin, enterocin A
and B, sakacin K, or pediocin AcH) on E. coli CTC1018 and CTC1023, S. enterica CTC1003
and Schwarzengrund CTC1015, S. aureus CTC1008 and CTC1019, L. monocytogenes CTC1010
and CTC1034, Lactobacillus sakei CTC746, Leuconostoc carnosum CTC747, and Staphylococcus
carnosus LTH2102 in cooked ham stored for 61 days. The authors observed that Staphylococ-
cus was somewhat resistant to HHP and nisin but this combination significantly inactivated
E. coli, showing no change in inactivation after 61 days. Treatment with sakacin, pediocin,
or enterocin maintained the same microbial count of L. monocytogenes throughout storage.
Meanwhile, S. enterica CTC1003 and Schwarzengrund CTC1015 remained below the de-
tection limit. The authors also reported the inactivation of L. sakei and Lc. carnosum after
treatment with HHP and AMPs, both in combination and individually. L. sakei recovered
from the combined treatment with HHP and AMPs (sakacin and pediocin) during storage,
while HHP combined with nisin successfully inactivated Lc. carnosum.

Furthermore, López-Pedemonte et al. [93] studied the combined effect of HHP with
nisin or lysozyme on B. cereus spores in cheese. The authors obtained better results with
HHP combined with nisin than for HHP combined with lysozyme. The latter was not able
to increase bacterial sensitivity to HHP treatment.

More recently, Lee et al. [94] studied the inactivation of Salmonella Enteriditis using
HHP and nisin in TSYB culture medium. In this study, the combined treatment of HHP and
nisin was more effective against bacteria than with either HHP or nisin alone. Individual
treatments had no effect on viability or bacterial cell components.

Pérez-Pulido et al. [95] studied the combined effect of HHP and AMPs (nisin, enterocin
AS-48, and cinnamon and clove essential oils) on S. aureus in rice pudding. Of all the
combined treatments, the one with clove essential oil was most effective.

De Alba et al. [96] studied the effect of combined treatment with HHP and AMPs
(nisin or pediocin) on E. coli in slices of cured ham. The authors reported that the combined
treatment with HHP and nisin was more effective than individual treatments, with no
changes in texture or color during 60 days of storage.

Pérez-Pulido et al. [97] and Toledo del Árbol et al. [98] reported the combined use of
HHP and enterocin AS-48 in cherimoya pulp. The authors suggest that the HHP and AMP
combined treatment can be useful to inactivate Leuconostoc and epiphytic microbiota in this
type of product.

Dallagnol et al. [84] reported that using HHP alone or in combination with lactocin
AL705 in cured pork loin is effective for the total inhibition of L. innocua. Furthermore, Cas-
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tro et al. [19,20] reported that pediocin bacHA-6111-2 in combination with HPP effectively
controlled the growth of L. innocua in meat products.

Table 6. Effect of high hydrostatic pressure (HHP) and antimicrobial peptides (AMP) on microbial
inactivation in food matrices.

Media HHP Device HHP
Parameters AMP

AMP
Concentration Microorganism

Maximal Inactivation
Reference

HHP AMP HHP + AMP

Green juice
HHP equipment, 914-100

Engineered Pressure
Systems Inc., Haverhill,

MA, USA

400 MPa,
3 min, 20 ◦C

Nisin
100 mg/L E. coli 1.9 log

CFU/mL
0.1 log

CFU/mL
7.5 log

CFU/mL [17]
200 mg/L L. innocua 0.7 log

CFU/mL
Values not
reported

6.4 log
CFU/mL

Milk
HHP equipment,

Hiperbaric 55,
Burgos, Spain

300 MPa,
5 min, 10 ◦C

Pediocin
PA-1 1280 AU/mL L. monocytogenes 0.3 log/CFU Values not

reported
4.5 log

CFU/mL
[99]

Phage P100

Carrot juice
HHP equipment,

Engineering
Pressure Systems Inc.,
Haverhill, MA, USA

500 MPa,
2 min, 20 ◦C Nisin 25 ppm

L. innocua 4 log
CFU/mL

Not reported
7 log CFU/mL

[88]
E. coli 5 log

CFU/mL 7 log CFU/mL

Fermented
meat

product

HHP equipment,
Unipress U33, Poland

300 MPa,
5 min, 10 ◦C

Pediocin
bacHA-
6111-2

320 AU/g L. innocua 1.0 log
CFU/g 1.2 log CFU/g 2 log CFU/g [19]

Ready-to-
eat meat

slices

HHP equipment,
Unipress U33, Poland

300 MPa,
5 min, 10 ◦C

Pediocin
bacHA-
6111-2

6400 AU/mL L. innocua 0.5 log
CFU/g 0.5 log CFU/g 1.0 log CFU/g [20]

Cured
cooked pork

loins

HHP equipment,
Stansted Fluid Power Ltd.

System, Harlow, UK
600 MPa,

5 min, 5 ◦C (C)
Lactocin
AL705 105 AU/cm2

L. innocua n.d. *
5.5 log

CFU/cm2 n.d. *

[84]Aerobic bacteria n.d. *
2 log

CFU/cm2 n.d. *

Lactic acid
bacteria n.d. *

7 log
CFU/cm2 n.d. *

Cherimoya
pulp

HHP equipment,
Stansted Fluid Power

LTD, Harlow, UK

600 MPa,
8 min,

23–27 ◦C
EnterocinAS-48 35 mg/g

Cocktail of
Leuconostoc;

L. mesenteroides,
L. gasicomitatum
and L. gelidum

0.5 log
CFU/g *

4.5 log
CFU/g * n.d. * [98]

Cherimoya
pulp

HHP equipment,
Stansted Fluid Power

LTD, Harlow, UK

600 MPa,
8 min,

23–27 ◦C
EnterocinAS-48 50 µg/g Epiphytic

microbiota
2 log

CFU/g 6.5 log CFU/g n.d. * [97]

Laboratory
solution

HHP equipment, ACB
Pressure Systems, France

472 MPa,
5 min, 53 ◦C Nisin 121 UI/mL

B.
sporothermodurans

spores
Values not
reported

1 log
spores/mL

5 log
spores/mL [24]

Dry-cured
ham

HHP prototype, ACIP
6000, France

500 MPa,
10 min, 12 ◦C Nisin 100 IU/g E. coli 1.3 log

CFU/g Not reported 1.8 log CFU/g [96]

Dry-cured
ham

HHP equipment, Wave
6000/120, Hyperbaric,

Spain

600 MPa,
5 min, 15 ◦C,

0.92 (a.w.)
Nisin 200 AU/cm2 L.monocytogenes 3.5 log

CFU/g *
6.5 log

CFU/g * 1 log CFU/g * [87]

Rice
puddings

HHP equipment,
Stansted Fluid Power

LTD, Harlow, UK
500 MPa, 5 min

Nisin 500 IU/g

S. aureus cocktail
2.9 log
cycles Not reported

3.7 log cycles

[95]

Enterocin
AS-48 50 µg/g 3.7 log cycles

Cinnamon
oil 0.2% 4.5 log cycles

Clove oil 0.25% 5 log cycles

Growth
medium

ABB Quintus Food
Processor, QFP-6 Cold
Isostatic Press, USA).

400 MPa,
10 min, 25 ◦C Nisin 200 IU/mL S. Enteritidis FDA 5 log

CFU/mL
<1 log

CFU/mL 8 log CFU/mL [94]

Skim milk HHP equipment,
Stansted Foodlab 900, UK

500 MPa,
5 min, 40 ◦C Nisin 500 IU/mL B. subtilis spores 2.5 log

CFU/mL Not reported 5.9 log
CFU/mL [85]

Milk
High pressure unit
200 mL, 52 Institute,

China
545 MPa,

13 min, 51 ◦C Nisin 129 IU/mL C. botulinum
spores

Values not
reported Not reported 6 log cycles [86]

Cheese Discontinuous HHP
equipment, ALSTOM,

France

60 + 400 MPa,
210 + 15 min,

30 ◦C

Nisin 1.56 mg/L B. cereus spores 1.4 log
CFU/g

Not reported 2.4 log CFU/g [93]
Lysozyme 22.4 mg/L 1.9 log CFU/g

Cooked
ham

Industrial hydrostatic
pressurization unit,

Alstom, France

400 MPa,
10 min, 17 ◦C Nisin A 1280 AU/g E. coli 4.5 log

CFU/g Not reported >6 log CFU/g [92]

Potassium
phosphate

buffer

Pressure vessel, Resato,
The Netherlands

450 MPa,
15 min, 20 ◦C

Nisin 100 IU/mL E. coli 6.3 log
CFU/mL

Not reported >8.3 log
CFU/mL

[90]
Lysozyme 50 µg/mL

Milk
Pressure vessel, Stansted

Fluid Power Ltd.,
Harlow, UK

250 MPa,
30 min, 25 ◦C

Lacticina
3147 15000 AU/mL

S. aureus 2.2 log
CFU/mL 1 log CFU/mL >6 log

CFU/mL [91]
L. innocua 2.5 log

CFU/mL
1.2 log

CFU/mL
>6.4 log

CFU/mL

Growth
medium

Hydrostatic pressure unit,
Harwood, USA

345 MPa,
5 min, 25 ◦C

Nisin A and
pediocin

AcH
mixture

5000 AU/mL

L. monocytogenes 7.8 log
CFU/g *

Not reported

4.5 log CFU/g
*

[89]E. coli 9.3 log
CFU/g *

5.7 log CFU/g
*

S. typhimurium Ml 7.6 log
CFU/g * 4 log CFU/g *

HHP parameters: pressure (MPa), treatment times (min), temperature (◦C), water activity (w.a.); n.d., no viable
cells detected; *, viable cell count.
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Komora et al. [99] studied the potential use of phage P100 and pediocin PA-1 in
combination with HHP to control L. monocytogenes in milk, using pressures lower than
commonly used in HHP. The authors reported a synergistic effect against L. monocytogenes
immediately after treatment, which was not observed when using P100, pediocin PA-1,
or HHP alone. However, in terms of shelf-life, this treatment was not as effective as the
thermal treatment.

In conclusion, it is crucial to select the specific AMP for use in combined treatment with
HHP based on the target bacterial species. It is also important to consider the characteristics
of the food matrix in order to achieve the desired microbial inactivation. Another important
factor is ensuring the working pressure of the HHP process is able to prevent bacteria from
being able to recover during storage.

3.4. Other Non-Thermal Technologies Used with AMPs for Microbial Inactivation

In addition to US, PEF, and HHP, other non-thermal technologies have been studied
in combination with AMPs.

Costello et al. [100] studied the effect of cold atmospheric plasma (CAP, Figure 4a) in
combination with nisin on L. innocua in food models based on tryptic soy broth containing
yeast extract (TSBYE) and xanthan gum. Combining CAP with an AMP was more effective
than the individual treatments.

Figure 4. Mechanisms of microbial inactivation of (a) cold atmospheric plasma and (b) ultraviolet-C
light on microbial inactivation [100,101] (Created with BioRender.com; accessed on 30 March 2022).
DNA: Deoxyribonucleic acid, ROS: Reactive oxygen species.

Combined treatment of ultraviolet-C light (UV-C, Figure 4b) and AMPs has also been
studied. Specifically, Ferreira et al. [101] studied the effect of combining UV-C and nisin
on the inactivation of Alicyclobacillus acidoterrestris spores in orange juice. The combined
treatment of UV-C with low doses of nisin eliminated A. acidoterrestris spores without
degrading the vitamins in the juice.

BioRender.com
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Thus, AMPs are a promising alternative means to increase the efficiency of other
antimicrobial non-thermal technologies without affecting the sensory and functional prop-
erties of the final product.

Despite there being only two published studies investigating CAP and UV-C in com-
bination with AMPs, nisin in particular appears to be a promising co-treatment for in-
activating microorganisms in food matrices while retaining the sensory and functional
properties of the product. However, more research on these technologies is needed to better
understand the factors involved in their inactivation of microorganisms.

4. Applications and Prospects of AMP Use in the Food Industry in Combination with
Non-Thermal Technologies

This section reviews the current food industry applications of the three non-thermal
technologies, and the challenges that these applications present, either individually or in
combination with AMPs. Finally, the regulatory requirements of the FDA for the use of US,
PEF, HHP, and AMPs is also included.

In the food industry, US has been used as a unit operation in various processes, such
as fermentation, emulsification, crystallization, and extraction [4]. Combined with other
technologies, such as AMPs, US can guarantee food safety. However, the use of US still faces
particular challenges in upscaling, due to its complex physicochemical mechanisms. For
example, US alone has a low efficiency in inactivating the microbial load and guaranteeing
food safety, which occurs due to the resistance of some microorganisms to cavitation. US
treatment can also stimulate spore formation, and spores are more difficult to inactivate
than vegetative cells. Additionally, it is necessary to identify the factors that influence the
transmission of the acoustic energy generated by the US within the food matrix in order to
ensure microbiological quality.

PEF have potential uses in the food industry, such as the extraction of bioactive
compounds or protein modification, which require low or moderate-intensity electric
fields [64] but microbial inactivation requires high-intensity electric fields. For preservation
purposes, it is preferable to combine them with other technologies such as AMPs to avoid
the adverse effects caused by PEF on food matrices. The industrial application of PEF has
various limitations, mainly due to the complexity of the electric pulse generator, which
must be safe and affordable. The main challenge is in reducing the average number of
electrochemical reactions by both selecting more stable materials for the electrode and
considering the physicochemical properties of the food product that will be subjected to
the treatment. It is necessary to further study the scalability of PEF in terms of optimization
of the desired processing parameters, including field intensity, specific energy, and the
selection of AMPs for different food matrices [65].

As for HHP, this technology is used in the food industry to preserve various food
products, such as milk, juices, sauces, guacamole, and cheeses, with results equivalent to
those obtained with thermal pasteurization. HHP has been used with other technologies
including ultrafiltration, CO2 and US. However, HHP, either alone or combined with these
other technologies, raises production costs, thus increasing the price of products. Therefore,
the combined use of AMPs and HHP could make this technology more affordable and
safer for the consumer by increasing its antimicrobial efficiency. It is necessary to focus
on process optimization and to define its microbial inactivation mechanisms in order to
achieve minimal processing while ensuring the safety of processed foods.

With regard to the regulation of US, PEF, and HHP, the FDA requires a 5-log reduction
process for liquid food preservation [64]. US alone is not enough to achieve the FDA
requirement, so its combination with other technologies, such as AMPs, is being explored.
The combination of US and AMPs shows potential to meet the FDA requirements and
become an analog of thermal pasteurization, while for PEF, the minimum 5-log reduction
has already been verified. The FDA has also approved using HHP technology as an
analogous to thermal pasteurization for commercial products. In Canada, there are no legal
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impediments because it is not considered new technology and it is already regulated. In
Europe, there are different legal requirements for using HHP in each country [102].

Regarding the regulation of AMPs, the FDA considers the use of nisin, natamycin, and
lysozyme to be safe at specific concentrations. However, other AMPs have not yet been
regulated by the FDA, but they do show potential antimicrobial effects individually and in
combination with US, PEF, and HHP.

5. Conclusions

This study aimed to compile and review information about three non-thermal tech-
nologies (US, PEF, and HHP) and their combination with AMPs as alternative technologies
for microbial inactivation in different food matrices.

Combined treatments are more effective than US, PEF, HHP, or AMPs alone. Nisin is
the AMP that has been most studied in combination with the three non-thermal technolo-
gies, probably because it has already been officially regulated. However, combining these
non-thermal technologies with other AMPs also shows promise as alternative microbial in-
activation methods. The same is true for the combination of AMPs with other non-thermal
technologies, such as CAP and UV-C.

The combined use of US and AMPs has been studied with both ultrasonic probes and
ultrasonic baths, generating different results. The probe is more effective for microbial
inactivation, both for individual and combined treatments. AMPs are not adversely affected
by either US application method. Combining HHP treatment with AMPs shows similar
results to those observed with US; this differs from those observed with PEF, which can
inhibit the effect of some AMPs, especially under a high-intensity electric field.

The efficacy of the combined treatments depends on several factors. First, the charac-
teristics of the food matrix, such as its physicochemical properties and composition, are
essential considerations. Additionally, the non-thermal treatment parameters (i.e., applica-
tion time, sequence, and intensity) and the AMP application conditions (i.e., concentration,
combination with various other AMPs, and time of application with the other technology)
are also crucial factors.

Based on the studies reviewed herein, we can conclude that, under mild conditions,
the different combinations of non-thermal technologies and AMPs can differ in their spe-
cific action toward each type of microorganism. Therefore, future research must focus on
developing non-thermal technologies in combination with various AMPs, while simultane-
ously substituting for the extreme conditions of non-thermal technologies that can decrease
the quality of the treated food product. The idea is to develop less intensive but more
effective food preservation methods, that is, methods that guarantee both the preservation
of properties similar to those in fresh food, and the safety of the final product.

In addition to AMPs, non-thermal technologies can also be combined with essential
oils, which were more effective than AMPs in some studies. Since essential oils also
represent an excellent alternative to chemical preservatives and thermal treatments, their
use must continue to be studied, either alone or combined with AMPs.
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