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Abstract: Due to its characteristics, fresh fish is a highly perishable food with a very short shelf-life
under refrigeration. Several methods have been introduced to slow down its deterioration, such as
by means of oxygen depletion of the food package (vacuum packaging), or by changing the natural
atmosphere that is in contact with the fresh fish (modified atmosphere packaging), or by the use
of chemicals generally recognized as safe: such compounds can be directly applied (by dipping or
spraying) or incorporated into packaging materials and slowly migrate to the product, exerting a
hurdle effect against microbial development and lipid oxidation (active packaging). This review
aims to cover the most recent advances in chemical-based approaches for fresh fish preservation,
applied either singly or in combination. Vacuum packaging, modified atmosphere, and active
packaging preservation methodologies are presented, along with the inclusion of chemical additives,
such as organic acids and natural extracts, and their combination with icing systems. Advantages
and disadvantages of these methodologies and their impact on fresh fish quality and shelf-life
are discussed, reaching the conclusion that both are positively influenced overall. Indeed, the
contribution of chemical-based strategies for fresh fish preservation is undeniable, and is expected to
be a research topic of increasing interest in the future.

Keywords: fresh fish; spoilage; organic acids; natural extracts; vacuum packaging; modified
atmosphere packaging; active packaging

1. Introduction

Fish is a highly consumed and nutritious food with a high protein and low saturated
fat content, and is a source of high quality polyunsaturated fatty acids (PUFAs), such as
omega-3 (DHA—docosahexaenoic acid and EPA—eicosapentaenoic acid, for example) that
are truly relevant for cardiovascular disease prevention and exhibit anti-inflammatory
properties [1,2]. Due to their nutritional characteristics and composition, fish products
are highly perishable foods. Their degradation, coupled with economic pressures, results
in large quantities of product waste which, even with increased public awareness and
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investment from organizations, leads to over 20% of the annual production of fish products
not being consumed [3].

Fish is increasing in popularity mostly as a fresh product due to the convenience for
subsequent preparation and cooking, but it can easily deteriorate due to its elevated water
content, postmortem pH, and the presence of small molecules (free amino acids) which
make it extremely vulnerable to bacterial and chemical spoilage.

Fish spoilage combines different processes such as enzymatic autolysis, oxidation,
and microbial growth and it depends on intrinsic characteristics such as the activity of
endogenous enzymes, initial bacterial composition, muscle tissue fragility and extrinsic fac-
tors related to water quality, aquaculture practices, food handling and packaging, storage,
and transportation conditions, among others. These lead to changes in odor, flavor, and
texture mainly because of drip loss, discoloration, protein degradation, nucleotide decom-
position, accumulation of nitrogenous compounds, and lipid and protein oxidation [2,4].
Furthermore, besides spoilage bacteria, the growth of pathogenic microorganisms is a cause
of concern. Fish-associated foodborne illnesses have been linked to a variety of viruses,
bacteria, and parasites [5].

Some chemical quality indicators are used to assess the extension of fish spoilage,
such as the total volatile basic-nitrogen (TVB-N) and trimethylamine-nitrogen (TMA-N),
thiobarbituric acid (TBA) value, and the presence of biogenic amines (histamine, cadaverine,
tyramine and putrescine) produced by the decarboxylation of specific free amino acids
by the action of microorganisms [6,7]. TVB-N includes the measurement of volatile basic
nitrogenous compounds such as trimethylamine (TMA), dimethylamine (DMA), and
ammonia (NH3) which are produced by bacteria, from the action of enzymes, or from the
deamination of amino acids [8-10]. The proposed value of TVB-N for spoilage initiation
is 30-35 mg N /100 g; however, some studies present lower levels depending on the fish
species [9-11]. TMA-N is produced by bacterial spoilage and enzymatic activity and the
decomposition of TMA-N-oxide (major constituent of non-protein nitrogen fraction) is
responsible for the fishy odor. Values of 10-15 mg TMA-N/100 g are considered the upper
limit for spoilage acceptance, but lower limits are also suggested by other authors [8-10].
Regarding lipid oxidation, it is the TBA value that measures the malondialdehyde (MDA)
content, which is formed by the reaction with hydroperoxides. Quality values range
between 2-4 mg MDA /kg, but this value might not reflect the actual rate of lipid oxidation
because MDA can interact with other components [9].

Fish is usually stored under refrigeration, presenting a very short shelf-life, or under
freezing conditions, exhibiting a longer shelf-life but losing important quality proper-
ties [12]. In fact, storage under —18 °C is the most effective and common method used,
but this preservation technique leads to ice crystals formation that damages the muscle
structure. In addition, thawing prior to cooking is a time-consuming process [4].

For this reason, the development of innovative approaches for shelf-life extension
became inevitable, always with the goal of achieving the best sensorial and nutritional
quality and safety.

Fish can also be packaged under vacuum or under modified atmosphere, as these food
packaging methodologies have been used to preserve the quality of foods, slowing down
its deterioration until consumption. Packaging is used for protection from the external
environment, communication, convenience for an easier handling of the product, and
containment for different sized and shaped products to optimize the logistic process [13].
Both vacuum-packaging (VP) and modified atmosphere packaging (MAP) have essentially
remained unchanged since they were introduced, at the beginning of the last century, and
are well-established in the food industry. Nevertheless, increasing concerns regarding food
quality control and preservation have led to a new role for packages: the extension of
shelf-life [13,14].

Several preservation strategies have been evaluated, considering a minimal impact on
fish texture. These strategies rely on the application of additional hurdles prior to refriger-
ated storage, such as natural extracts (with antimicrobial and/or antioxidant properties)
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or active packages, to reduce microbial loads to acceptable levels and reduce degradation
reactions to increase the shelf-life of fresh fish. Chemicals such as organic acids or ozone are,
by far, the most frequently used hurdles to inhibit microbial growth in foods [15]. However,
they are being replaced by alternatives perceived as more natural, such as extracts from
plants and algae, or bacteriocins from bacteria.

Nowadays, there are more advanced food packaging techniques available such as
active and interactive and smart/intelligent packaging, characterized by the interaction
between the packaging system and the food product, which react to biochemical changes in
food andcan monitor the quality of products, proving visual information to the consumer
about the products quality state, for example through a color system [16,17]. Therefore,
the new food packaging is characterized by the interaction between the food and the
internal packaging environment [16], while traditional packaging is characterized by an
inert physical barrier between the food and the external environment.

This review will cover the most recent advances in chemical-based approaches for
fresh fish preservation, either singly or simultaneously combined, comprising the main
effects of each methodology on microbiological and chemical aspects of fresh fish.

2. Chemical Methodologies for Shelf-Life Extension

Nowadays, the shelf-life, food safety, quality, and nutritional composition of foods are
the most important parameters for consumers, who are looking for increasingly natural,
sustainable, fresh, and tasty foods [18]. VP and MAP technologies are two of the most
well-established preservation technologies for fishery products and are characterized
by the removal of oxygen in order to slowdown microbial proliferation and oxidative
reactions [12,18,19]. Active packaging (AP) is also a packaging technology, but it interacts
directly with food, such as fresh fish, in order to preserve the quality and extend its shelf-
life, instead of being just an inert barrier that separates it from the external environment.
Additionally, it is important to note that these preservation methodologies still need
chilled storage.

2.1. Conventional Packaging: Vacuum-Packaging and Modified Atmosphere Packaging

The concept of VP consists of removing the air from a package containing the product
and sealing it immediately. It separates the product from the external environment, limits
the package volume and prevents oxidative spoilage if the films used have oxygen (O,)
barriers [19]. For these reasons, this low-cost technique is commonly used in the food
industry [20].

The MAP process starts with the removal of the gaseous atmosphere present in the
package and then inserting a mixture of selected gases before sealing the package. Typically,
this mixture of gases has high levels of carbon dioxide (CO,), because of its antimicrobial
effect inhibiting the growth of aerobic microorganisms [19,21]. This happens because
CO;, dissolves in water and produces carbonic acid and a reduction of pH occurs. This
leads to a prolongation on the lag phase and microbial growth is lowered throughout the
logarithmic phase. However, the drop in pH could be minimal, and no bacteriostatic effect
is noticed [22]. Nevertheless, CO, can be prejudicial to sensorial acceptance, affecting
cellular structures from the fish, as well all color and flavor [23]. Oxygen (O,) and nitrogen
(N3y) are also used, since the former inhibits strictly anaerobic bacteria and the latter delays
oxidative rancidity and limits aerobic microorganism’s growth when used to replace
oxygen on the package [9,21]. Ultimately, a wise combination of the abovementioned gases
will result in an extension of shelf-life maintaining product quality, while it is also possible
to design specific atmospheres to inhibit targeted and undesired microorganisms [21,24].

It is important to highlight that regardless the type of packaging, fish preservation
will be highly dependent on multiple factors, like type and number of microorganisms
present in the water of the fish’s habitat, storage and transportation temperature, and
handling during processing and distribution [25,26]. Furthermore, different fish species
and experimental designs (type of packaging, ratio of gases, storage temperature) are
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studied and this could explain the differences observed on the results discussed below.
Figures 1 and 2 represent the mechanism of VP and MAP technologies, respectively.

Vacuum Packaging

Non-existent headspace between

the fish and the film packaging

Flexible Film

1% step: air removal

2" step: sealing the package

Film: structural protection to
prevent physical, chemical

and biological deterioration
Figure 1. Schematic representation of VP technology applied to fishery products.

Modified Atmosphere Packaging

Headspace between the fish and the

film packaging Controlled Atmosphere
1% step: air removal (B0,1,0,) Conventional Package
2" step: mixture of selected gases

(CO,N,/O,)
3" step: sealing the package

Film Packaging

Absorbent Pad

Figure 2. Schematic representation of MAP technology applied to fishery products.

The most important parameter for shelf-life evaluation is the development of microor-
ganisms during storage. This evolution will be highly dependent on original microorgan-
isms and their tolerance to the specific gases used.

Even so, it has been observed that MAP can reduce Pseudomonas spp. counts and
H,S-producing bacteria. Likewise, atmospheres with higher CO, content are more efficient
in reducing lactic acid bacteria (LAB) counts.

Besides microbiological safety, preserving good sensorial quality is particularly im-
portant for shelf-life evaluation. Some studies [6,8,23] reported changes in color, odor, and
texture along the shelf-life period with VP and MAP. Nonetheless, a study reported no sen-
sory changes observed for a 100% CO; atmosphere in common carp (Cyprinus carpio) [27].

Since VP and MAP affect microbial spoilage and the sensorial quality of foods, shelf-
life will also be affected. Longer shelf-lives are usually observed with MAP, followed
by VP and, lastly, air packages. Normally, VP preserves the quality of the product for
2/3 days longer, compared to air packaging [11,21,25,28]. With MAP, there tends to be
an increase in shelf-life of 4/5 days compared to air packs and 2/3 days compared to
VP [10,11,19-21,23,26]. However, some studies have reported different results (see more
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details in Table 1). It is important to note that temperature of storage and the atmosphere
used are important factors that affect shelf-life. For example, Stamatis & Arkoudelos
(2007a) [28] studied chub mackerel (Scomber colias japonicus) under air packaging, VP, and
MAP (50% CO, and 50% Njy) at 3 and 6 °C and observed, as expected, that the lower
temperature allowed for an extension of shelf-life of 2 days for MAP and VP samples
and 1 day for air samples comparing to the higher temperature. One work with sutchi
catfish ((Pangasius hypophthalmus) investigated two different atmospheres: (1) 50% CO, and
50% Ny, and (2) 50% CO, and 50% O,, at 4 °C for 21 days and concluded that the second
atmosphere, where O, was used instead of Ny, extended the shelf-life by 2 days because of
an extension of lag phase (of microbial development) with this atmosphere [25]. Another
study using sea bass (Dicentrarchus labrax) with two different MAP mixtures: (1) 40% CO,,
50% Ny and 10% Oy; (2) 60% CO,, 30% Ny and 10% Oy, at 4 °C during 21 days of storage,
noticed an increase of shelf-life of about 4 or 5 days for the MAP samples with higher levels
of CO; [9]. Notwithstanding, Lerfall et al. (2018) [24] studied the effects of four different
MAP mixtures in saithe (see the details in Table 1) and observed the same shelf-life for all

of them.

Table 1. Literature regarding the effects of air-packaging, vacuum packaging (VP), and modified atmosphere packaging

(MAP) on fresh fish.
Species Storage Conditions .
(Scientific Name) (Temperature, Duration) Major Results Reference
MAP (15/18 days) extended the shelf-life
. 1.2 °C, 25 days 7 days compared to VP samples (8/11 days).
A?;ZZCO i;ll;?)o n Packaging: Negative odors and liquid losses were detected [29]
MAP (60% CO, and 40% Nj) and VP  earlier for VP. Lower firmness and higher color
intensity in MAP samples.
o o Lower pH values on MAP and VP samples.
Chub mackerel 3°C agjciagci;:; days Longer shelf-life in MAP (12-10 days),
(Scomber colias japonicus) MAP (50% CO, and 50% Na), air  ‘olowed by VP (10-8 days) and air (8-7 days) [28]
and VP at 3 and 6 °C, respectively; Faster growth and
higher microbial load for air samples.
Chub mackerel 1P§c/kla4 ici:ly.s VP reduced TMA content but was ineffective [30]
(Scomber japonicus) air andg V%’. to reduce biogenic amine contents.
Cod zPiklaaSg?rfgs Shelf-life of 7 days for VP and 9 days for [26]
(Gadus morhua) MAP (60% CO, and 40% N») and VP MAP samples.
MAP2 slowed total viable microorganisms’
3°C, 15 days growth, presented significant lower counts of
Common carp Packaging: Enterobacteriaceae, lower pH value and no [27]
(Cyprinus carpio) MAP (1: 40% CO, and 60% N sensory changes were detected throughout the
2: 100% CO,) storage period. Higher values of TVB-N were
observed for MAP1.
(g;;;.r;uosncz;i;g) 3P§c/kla%g?rfgs Higher counts of Enterobacteriaceae for VP
and rainbow trout MAP (1: 60% CO, anci 40% Np; 2: samples, follqwed by MAPZ apd finally MAP1 511
(Oncorhynchus mykiss) 40% CO, and 60% Nj) and VP in both fish species.
Doubled and tripled sensorial shelf-life for VP
4 °C, 8 days (air), 16 days (VP) or (16 days) and MAP (24 days), respectively.
Grass Car 24 days (MAP) Lower pH and improved sensorial parameters
a P Packaging: for VP and MAP. Significantly higher TVB-N [32]
(Ctenopharyngodon idellus) sng & y g
MAP (75% CO, and 25% NJ), air for air samples in the first 8 days. Higher levels
and VP of tyramine for VP and MAP, and putrescine

and cadaverine for air samples.
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Table 1. Cont.

Species Storage Conditions .
(Scientific Name) (Temperature, Duration) Major Results Reference
Increased shelf life by approx. 4 days for VP
4 °C, 8 days (air) or 13 days (VP) (~10 days). Lightness and hardness increased
Packaging: over time regardless of the type of packaging. [11]
M air and VP Significantly less microbial growth on
eagre
) VP samples.
(Argyrosomus regius)
4PaCc,k1a5gings Microbial loads were significantly lower under
MAP (40% CO», 30% N, and 30% O,), VP COIO;CVIV(ZS not jifﬁf; by any [23]
air and VP P ) '
MAP reduced total production of ammonia,
4 °C, 22 days TVB-N and cadaverine. MAP enhanced the
Rainbow trout Packaging: shelf-life at least twice since total mesophilic [21]
(Oncorhynchus mykiss) MAP (80% CO, and 20% Ny), air count and psychotropic microorganisms
and VP reached the upper limit of 7 log CFU g~ ! on
the 11th day (air—5th day; VP—7th day).
Putrescine and cadaverine were the prevalent
4°C, 29 days amines and had higher counts on VP. At the
Red Drum . .
(Sciaenops ocellatus) Packaging: end of the storage VP samples retained a [6]
MAP (50% CO, and 50% Nj) and VP slightly better appearance than MAP samples,
with a firmer texture but had a stronger odor.
4PaCc,k1a3 icfy.s All MAP conditions had the same shelf-life of
Ing: 13 days, 3 days longer than VP samples
MAP (10 days). Lower muscle pH was observed in
o high COy/low Ny: 67.2 4 0.2% CO,, ys). LOWEr muscie pii was observed 1
o o packages balanced with O, compared to those
32.8 + 0.2% Nz and 0.0 + 0.0% 02 . .
. . o balanced with N,. Differences were found
Saithe o Jlow COy/high Ny: 31.8 & 0.2% COy, . . .
; . between off-odors produced in MAP with mix [24]
(Pollachius virens) 68.2 + 0.3% N and 0.1 £ 0.1% O, . .
. of CO, and O, (butter-like) and a mix with
o high CO,/low O: 66.4 + 0.4% CO,, . . .
- o CO, and N (ammonium-like). Drip loss was
32.2 £ 0.0% O, and 1.3 + 0.3% N hi A p .
. . o igher in “high CO2/low N2” MAP. Higher
o low COp/high Oz: 31.3 4 0.2% CO, cadaverine formation in packages balanced
66.0 & 0.1% O, and 2.7 + 0.3% N, on 1 packag
with Nj.
e and VP
o Longer shelf-life for MAP (9 days), followed by
. 3°C, 15 days . .
Sardine . VP (7 days) and air (5 days). Higher
(Sardina pilchardus) Packaging: concentration of ammonia and a significant [33]
P MAP (50% CO, and 50% N») and air ) onia &
increase of pH in air samples.
4 °C, 21 days
Packaging: MAP1 extended shelf-life by 3 days (8/9 days)
Sea bass MAP (1: 40% CO,, 50% N, and 10%  while MAP2 extended it by 7/8 days (13 days) [9]
(Dicentrarchus labrax) O, based on sensory analysis. Lower TVB-N and
2: 60% CO», 30% Ny and 10% O,) TMA-N values for MAP2 samples.
and air
. o Significant decrease of microbial growth with
Silver carp 4°C 14 f:lays VP; Lower pH and TVB-N for VP samples;
(Hypophthalmichthys Packaging: . . . [20]
molitrix) air and VP (30-50 kPa) Better sensory quality and increased shelf-life
(by 3 days) for 30 kPa VP samples.
MAP with O; significantly extended the lag
4°C, 21 days phase compared to the MAP without O,.
Sutchi catfish Packaging: Shelf-life was extended by 3, 5, and 7 days [25]

(Pangasius hypophthalmus)

MAP (1: 50% CO, and 50% Nj; 2:
50% CO, and 50% O,), air and VP

with VP (10 days), MAP 1 (12 days) and MAP2
(14 days), respectively, in comparison to
air samples.
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Table 1. Cont.
Species Storage Conditions .
(Scientific Name) (Temperature, Duration) Major Results Reference

4 °C, 18 days Microbial and sensorial shelf-life extension by

Swordfisth Packaging: 5/6 days on MAP samples (12/13 days) [10]
(Xiphias gladius) MAP (50% CO,, 45% Ny and 5% O5) compared to air samples (6/8 days). Lower
and air values of TMA-N for MAP samples.
No extension of shelf-life was provided by VP
0 °C for air, 4 °C in the first week and MAP (13 days). Similar bacterial evolution.
. . then 8 °C for VP and MAP, 13 days Very low levels of TVB-N and no differences
Tropical yellowfin tuna Packagine: b TMA-N i df

(Thunnus albacares) ackaging: etween treatments. TMA-N increased for [34]

MAP (70% CO, and 30% O,), air MAP and VP samples but not for air samples.

and VP VP and MAP presented a slight discoloration

and MAP samples were less firm.
TVB-N and TMA-N significantly increased
0°C, 15 days over time. Significant variations for hardness,
Yellow grouper . . . .

(Epinephelts awoara) Packaging: gumminess, and chewiness values with storage [8]

vp time. Evolution of color to grey-blue tones and

reduction in color intensity and purity.

TVB-N: Total volatile basic-nitrogen; TMA-N: Trimethylamine-nitrogen.

The spoilage of fresh fish is not exclusively determined by microbial development,
but also by the formation of chemical indicators that reflect, for example, autolytic changes
in the fish muscle, formation of biogenic amines, among other rancidity and oxidation
associated compounds, these indicators need to be considered based on the shelf-life
evaluation of fresh fish [35], although shelf life is usually limited at first instance by
microbial development. Indeed, biogenic amines were evaluated in fish samples stored
under different packaging conditions. Briefly and additionally, major results found in the
literature regarding VP and MAP are displayed in Table 1.

2.2. Active Packaging

Active packaging systems are an innovative and alternative solution of high interest
to food technologists. Food packaging and materials are categorized as active, according
to the Regulation of the Commission of the European Union (EC No 450/2009), when
their application aims to extend the shelf-life and maintain or improve safety and some
physicochemical, quality, and sensorial properties of the packaged food due to the positive
interaction between product, package, and environment [16,17,36].

Therefore, active packaging is more than just an inert barrier that protects food from
external detrimental factors. In fact, this technology is based on the incorporation of active
substances, components, and materials into the packaging material or within the package,
designed to release or absorb substances into or from packaged food or its surrounding
environment [36-39]. It is noteworthy that the main difference between active and intelli-
gent packaging systems is the information about modifications in the quality status of the
food product that is communicated to the consumer using intelligent packaging, instead
of interacting with it and responding to changes in its properties, as happens with active
packaging [17]. Intelligent packaging only monitors the microbiological and physicochemi-
cal modifications (like biological reactions, pH, or temperature) of packaged foods or the
surrounding environment, transmitting the information to the consumer, using devices
such as sensors (including biosensors, gas sensors, printed electronics, chemical sensors,
and electronic nose) and indicators (including freshness indicators, leak/integrity indica-
tors and time and temperature indicators) [16,17]. Intelligent packaging is not designed
to interact with the packaged food or release active compounds as in active packaging, it
merely helps to detect unsafe food [16,17].

This section is mainly focused on active packaging systems. The three main types and
the most common and promising of active packaging systems of foods are: (i) gas control,
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including O, scavengers and CO; emitters, (ii) moisture control, and (iii) antimicrobials
and/or antioxidants, which are active substances directly incorporated into the packaging
material/films or sprayed on sachets, patches, or tablets [17,39]. To reduce, inhibit, or
delay the microbial growth and enzymatic/oxidative reactions of food is the primary and
common goal of all three methodologies [4]. Figure 3 summarizes the three main types of
active packaging systems described above.

PACKAGIN G : Control sheets, blankets and pads

® O, scavengers

¢ CO, emitters

ACTIVE Moisture

* Absorbents such as

Anﬁmicrh\ * Activesubstances directly incorporated
and/or into the packaging films/material
'A\ntioxidants * Active substances sprayed on sachets,

patchesor tablets

Figure 3. Active packaging technology applied to fishery products. Based on information available in [17].

The gas control mechanism in active packaging technology is very similar and directly
related to MAP. The substances that absorb (O, scavengers) or release (CO, emitters)
atmospheric gases control the inside packaging environment. Briefly, O, scavengers
prevent the oxidation of lipids and other sensitive compounds (like vitamins A, C, and E)
and, thus, off-flavors and off-odors; and, whereas the CO, emitters slowdown or inhibit
microbial growth. Nowadays, oxygen scavengers are the most used active packaging
strategies and, as Remya et al. (2017) [40] reported, the commercial ZPT 200 EC O, absorber
(Ageless®®), when applied to fresh Rachycentron canadum steaks during refrigerated storge,
enhanced fish quality and shelf-life (shelf-life of 25 days compared to just 15 days for
control samples). In fact, this O, scavenger reduced the O, concentration in the package
to less than 0.01%, which translated into inhibition of the growth of (i) aerobic mesophilic
and psychrotrophic microorganisms due to the lag phase extension and generation time,
(ii) Pseudomonas sp. because they are strictly aerobic, and (iii) HpS-producing bacteria, as
their enzymes were affected by O, depletion (effects observed when O; concentration is
below 50%). So, this oxygen-reduced atmosphere promoted the growth of Gram-positive
microorganisms such as LAB (which are facultative anaerobes) and significantly affected
the growth of Gram-negative bacteria in fish samples. Therefore, volatile base formation
values (TVB-N and TMA-N, highly dependent on microbial load) were delayed, and a
similar inhibitory effect was observed for lipid oxidation.

Moisture control is mediated by diverse kinds of absorbents (made from a micro
porous polymer like polypropylene—PP—or polyethylene terephthalate—PET) such as
sheets, blankets, and pads, which are strategically placed under food products (mostly fish
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and meat) to control their exudates [17,41]. Dri-Loc®® (Sealed Air Corporation, Charlotte,
NC 28208 USA) and Tenderpac®® (SEALPAC, Oldenburg, Germany) are two commercially
available moisture control devices based on an absorbent pad and a dual compartment
system, respectively. In fact, this type of moisture absorber is widely used in the food
industry to decrease water activity (an important intrinsic factor) in food and thus inhibit
microbial spoilage [16].

There are two main methodologies for manufacturing antimicrobials and /or antioxi-
dant packaging systems, which are (i) the incorporation of active compounds/substances
into sachets, pads, or tablets (independent devices) that are added to the conventional inert
package, and (ii) the direct incorporation of active compounds/substances in the polymer
matrix or on the polymeric film surface [17,38].

Blending and coating packaging films are produced differently (as represented in
Figure 4). While, with the first, the active compounds are combined with the polymeric
matrix and, in the second they are coated onto the surface of the polymeric film [4,38].
These systems are defined by a controlled release (to the headspace of the package) or
reaction of the active compounds onto the food surface [39].

s i External space
Active coating
o k Internal space )

Internal space

) M—

Figure 4. The graphic representations of blending and coating active packaging (AP) films applied to fishery products.
Based on information available in [4].

To select the most suitable packaging film manufacturing procedure, it is important to
consider the type of polymeric matrix, the active substances to be incorporated and the
physicochemical characteristics of the food product [38].

The packaging films can be from synthetic or natural origin. The most used synthetic
polymers are low-density polyethylene (LDPE) and polystyrene, due to their physical
properties and low production cost, but their widespread use is cause for environmen-
tal concern, due to their low degradability. Barbosa-Pereira et al. (2013) [42] performed
a 21-day experiment with salmon muscle, wherein the authors combined low-density
polyethylene polymers (LDPE, a synthetic film) with two different formulations in toco-
pherols, namely natural antioxidant products C: NUTRABIOL®®—T90 at 1 and 5% and
D: TOCOBIOL®®—PV at 5%. The active films with natural antioxidant products C and D
showed an important reduction in lipid oxidation of up to 40%. Considering the Film LDPE
product C at 1% (film 2) and 5% (film 3), there were some small differences between them in
the first 11 days of storage, but at the end of the experiments the reduction in lipid oxidation
stabilized around 40%. At 21 days of storage, Film 4 (D: TOCOBIOL®®—PV at 5%) was able
to decrease lipid oxidation in salmon by 30-35%; however, the greatest inhibition of lipid
oxidation was observed for film 3, possibly due to its tocopherol composition. Therefore,
it can be concluded that the inhibition of the lipid oxidation process is directly correlated
with the capacity of active compounds (present in commercial antioxidant products C and
D) to scavenge free radicals and peroxide radicals from the peroxidation chain reaction.

Thus, biopolymers—composed mainly of proteins and polysaccharides or their com-
binations (such as chitosan, agar, and starch films)—have gained more attention for being
extracted from natural and renewable sources, which gives them some advantages, such as
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specific biological activities (antimicrobial and/or antioxidant activity, for example) and
the possibility of being renewable. Natural active compounds with antimicrobial and /or
antioxidant capacities can be found in extracts from spices (like rosemary, cinnamon,
and oregano), herbs (such as garlic, onion, and horseradish), and from food processing
by-products (for example, olive leaves and pomegranate peel), essential oils, fungal and
bacterial compounds (polypeptides like nisin, natamycin, and pediocin, and some bacte-
riocins), and functional enzymes. These compounds can be incorporated into packaging
films, as opposed to synthetic ones (like chlorine dioxide, carbon dioxide and ethanol,
which are volatile antimicrobials) [4,16,17]. However, to enable the application of these
natural films in food, it is necessary to add plasticizers to reduce their brittleness, and
neutral lipids to increase their hydrophobicity [4,17].

There has been an increase in available literature featuring the combination of biopoly-
mers and natural active compounds to formulate new films to be used as active packaging
materials. Rocha et al. 2018 [43] carried out a detailed experiment to evaluate the antimi-
crobial effect of protein hydrolysate (PH, a by-product obtained from Argentine croaker—
Umbrina canosai—which has a high protein content) and/or clove essential oil (CEO)
combined with agar film in prolonging the shelf-life of flounder (Paralichthys orbignyanus)
fillets. A 15-day assay at 5 °C, showed that the PH-agar film with lower molecular
weight (<10 kDa) has a higher content of hydrophobic amino acids (~50.0%) which, due
to their positive charge, allowed the formation of hydrophobic bounds with the nega-
tively charged bacterial cell membrane, leading to its disruption and, proving to be an
effective film against to HyS-producing microorganisms, lactic acid bacteria, and total
aerobic mesophiles. CEO-agar film also extends the shelf-life of flounder fillets, in a
slightly superior manner compared to PH-agar film, due to its recognized antimicrobial
properties—its hydrophobicity allows the disruption of bacterial cell membrane lipids
and mitochondria, leading to loss of cytoplasm, and, in addition, phenolic compounds
can interact with bacterial enzymes, promoting lesions that lead to loss of cell viability.
So, these CEO/PH-agar films performed well in extending the shelf-life of flounder fil-
lets by microbial inhibition and enhanced their properties. This study also evaluated the
mechanical properties of films such as thickness, tensile strength (TS), elongation break
(EB), water vapor permeability (WVP), solubility, color, opacity, and transparency, which
are very important parameters for evaluating the applicability of these active films in
foods. The PH-agar film showed the best properties when compared to the CEO-agar film,
with similar thickness and transparency to the control-agar film, but with an increase in
WYVP and EB values and a reduction in the TS values, due to the presence of short chain
hydrolysate peptides that act as effective plasticizers in the protein films, by decreasing
intramolecular attractive forces and increasing chain mobility and free volume (EB and
WYVP parameters) and by preventing the polymer—polymer interactions (IS parameter).
The main disadvantage of this PH-agar film is related to the greater water solubility due to
the weak interaction between the short PH peptides and the agar matrix, which limits its
application in fish preservation.

Regarding biopolymer enriched active compounds and their advantages for the en-
vironment compared to synthetic ones, advances in active packaging technology have
been made to meet consumers’ demands for healthier, greener, and more sustainable
packaging materials. In this context, Kakaei & Shahbazi (2016) [44], among many other
studies, investigated the effect of chitosan—gelatin films enriched with ethanolic red grape
seed extracts (GSE, at 1-2%) and Ziziphora clinopodioides essential oil (ZEO, at 1-2%), on
minced rainbow trout fillet. After 11 days of storage experiments (at 4 °C) the control
samples (wrapped only with chitosan—gelatin film) faced an increase of about 9.0 log
CFU/g for total viable counts (TVC) and psychrotrophic total counts (PTC), with a higher
microbial reduction verified for the film with the combination of 2% ZEO + 2% GSE, where
TVC increased up to 6.5 log CFU/g and PTC reached about 6.0 log CFU/g. The same
behavior was observed for the other microorganisms tested, namely Pseudomonas spp.,
Pseudomonas fluorescens, Enterobacteriaceae, LAB, and Listeria monocytogenes where the same
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combination of 2% ZEO + 2% GSE showed the lowest counts after 11 days of storage (rang-
ing between ~3.5 and 5.0 log CFU/g), when compared to the other ZEO+GSE combinations.
The microbial reduction for the 2% ZEO + 2% GSE films was even more relevant when
compared to the control samples (on day 11 counts were in a range between ~7.0 and
8.0 log CFU/g for control samples). Therefore, these results showed the high effectiveness
of the chitosan-gelatin films in retarding and inhibiting the growth of aerobic microor-
ganisms, as they act as an oxygen barrier around the fish and additionally block access
to essential nutrients and metals by bacteria. Furthermore, the presence of ZEO and GSE
compounds in the films causes a significant antibacterial effect due to their high content of
phenolic compounds (ZEO has mainly thymol and carvacrol and GSE has mainly resvera-
trol, gallic acid, caffeic acid, and hydroquinone), which, when combined, exert a synergistic
antimicrobial effect, such as the inhibition of bacterial enzymes and the establishment of
bonds with cell membrane components that promote the loss of cell viability.

Physicochemical analyses, namely of pH value, peroxide value (PV), and total volatile
base nitrogen (TVB-N) content, were also performed and it was concluded that the films
with 2% ZEO + 2% GSE obtained the best results. In the case of pH, the final pH value,
at 11 days of storage, was 7.4 in contrast to ~6.7 for the best film, because of the bacterial
reduction and due to decomposition of nitrogenous/alkaline compounds. Considering
the PV values, the control samples exceeded the legal limit for fresh fish, showing a value
of 1.9 meq peroxide/1000 g lipids (legal value for fresh fish is between 0.04-0.06 meq
peroxide/1000 g lipids) at a higher rate when compared to active films samples. Finally,
the TVB-N content values reinforce the effectiveness of chitosan-gelatin films with ZEO
and GSE, because it was found that the TVB-N content of control samples significantly
increases compared to the acceptability value of 25 mg N /100 g of fresh fish, in contrast
with ZEO and GSE, where the values remained below the limit—the possible explanation
being the lower microbial load or the low capacity of the remaining bacterial load to carry
out the oxidative deamination reaction of the non-protein nitrogenous compounds.

Active packaging systems have been investigated to preserve perishable foods, namely
tish, pork /bovine/poultry meat products and their derivatives, as well as for fruits, vegeta-
bles, and dried products, among others [4,16,38]. In fact, it is for fish and fishery products
that this technique is most promising, due to its benefits for foods (safety, quality and
shelf-life), industry, and consumers [4,39]. However, the adoption of active film packaging
systems depends on factors such as production cost and legislative approval of active
substances and polymer matrices for use in contact with food, even though they are useful
to extend the shelf-life, improve safety, and improve or maintain quality and sensorial
parameters of fish and fishery products [16,39].

Given the diversity of matrix polymers and active compounds, it is necessary to
choose the most appropriate combination, based on the characteristics of fish and fishery
products [4]. By adjusting the film system, the release rate of active compounds must be
defined to retain a specific concentration in the fish-based products and to compensate
for biochemical reactions during storage [4,37]. Examples of active packaging films where
natural active compounds have been incorporated into natural/synthetic polymers in fish
and fishery products are represented in Table 2.

There are already some commercially available antimicrobial packaging systems such
as Biomaster®® and Agion®® for active packaging systems, but also O, scavengers and
moisture control devices [16].

2.3. Chemical Additives

The aforementioned preservation strategies relied on either changing the natural
atmosphere wherein fresh fish was packaged or by the impregnation of packaging ma-
terials with chemicals that slowly migrate to fresh fish, exerting an antioxidant and/or
antimicrobial effect. Nevertheless, such chemicals can be applied directly to fresh fish,
either by dipping or spraying prior to packaging, providing an additional hurdle to the
refrigeration processes.
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Table 2. Natural active compounds incorporated into natural /synthetic polymers used for fish and fishery products.

( s;;l;i;f;;;;@ Polymers Active Compounds Main Results Reference
A high antioxidant action and
Poly (butylene adipate Oregano (Origanum antimicrobial effect due to the
Fish * co-terephthalate)— vulgare) essential oil lower counts of coliforms, [45]
PBAT (OEO) Staphylococcus aureus and
psychrotrophic microorganisms.
Improvement of the biochemical
= Fish protein (TVB-N and pH values, etc.) and
ounder . - : .

. hydrolysate (PH) or microbiological (H,S-producing
(Paralichthys Agar ) tial oil bacteria, etc.) ¢ P [43]
orbignyanus) clove essential oi bacteria, etc.) parameters o

(CEO) chilled flounder fillets and, thus,
increasing the shelf-life.
Green tea films effectively reduced
Green tea extract microbial growth and some
(Camellia sinensis L.) spoilage indicators such as TVB-N,
Hake Acar and probiotic bacteria TMA-N, and pH value, in hake. [46]
(Merluccius capensis) 8 (Lactobacillus paracasei Probiotic films have been able to
L26 and Bifidobacterium  extend the shelf-life of hake and
lactis B94) transmit some probiotic bacteria
to fish.
Ethanolic red grape Reduction of lipid oxidation and
Rainbow trout Chitosan-elatin seed extract (GSE) and bacterial growth, increasing the [44]
(Oncorhynchus mykiss) & Ziziphora clinopodioides shelf life of rainbow trout at
essential oil (ZEO) refrigerated storage.
Natural toc (ipherols. Antioxidant effectiveness, through
Low Density g&?ﬁl :EEBL%?@H}F?;(') the reduction/inhibition of the [42]
Polyethylene (LDPE) and lipid oxidation of salmon during
Salmon TOCOBIOLE®—PpY) storage period, by up to 40%.
(Salmo Solar)
Extract of microalgae T N
Cassava starch Heterochlorella 5 A reduction n lipid oxidation and [47]
o moisture loss.
luteoviridis

TVB-N: Total volatile basic-nitrogen; TMA-N: Trimethylamine-nitrogen. * The authors did not mention the scientific name of the species.

This section will focus on the main chemicals (single or in combination with icing
systems) to preserve fresh fish, as well as natural extracts, bacteriocins, among others,
which have different effects on fish quality and shelf-life. Figure 5 summarizes the main
chemicals and application methods used to preserve fresh fish.

2.3.1. Organic Acids

Organic acids are known to have antimicrobial and antioxidant properties, are gener-
ally recognized as safe (GRAS) [48], and their use as food preservatives has been extensively
reviewed and forbidden in some cases, as is the case for benzoic acid, whose use is being
gradually reduced/eliminated in several countries due to toxicity issues [49].

The organic acids action against microorganisms depends on the carbon chain length
and degree of unsaturation, but overall, the pKa of the acid influences its antimicrobial
mechanism of action [50]. The organic acids exist in a pH-dependent equilibrium between
the undissociated and dissociated state, and the first one is the primarily responsible
for the antimicrobial activity [51,52]. At low pH, they have an optimal inhibitory effect,
which is a result of the undissociated organic acid being able to freely cross the plasma
membrane to enter the bacterial or fungal cell. Once inside the cell, the molecule confronts
a higher pH and will then dissociate, releasing charged anions and protons [52]. These
accumulating anions have been found to be toxic and able to inhibit metabolic reactions [50].
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Other mechanisms have been proposed, as the case of membranes disruption and stress
on intracellular pH homeostasis [53,54]. According to the available literature, fresh fish
preservation by organic acids/salts may follow two different strategies, namely by dipping
fish samples for a certain period, followed by packaging and refrigeration, or by using
organic acids to prepare flake ice for cooling fresh fish.

ADDITIVES
- e i, Natural Extracts Lactic Acid Bacteria and
Organic Acids/Salts Ozone Fhi
from plants and algae Bacteriocins
Application Application
methods on fresh fish methods on fresh fish
Dipping Icing system Dipping Spraying

Figure 5. Chemical additives used to preserve fishery products and their application methods.

Fresh Fish Dipping

The first known report, as the authors are aware, regarding the use of a dipping
process with organic acids in fresh fish belongs to Martinez & Gilderb (1988) [55], who
showed the possibility of reducing anchovy (Engradis encrasicholus) degradation by pH
depletion from 8 to 5, followed by cold storage at 1 °C in sea water for 35 h. The pH
depletion allowed partial inhibition of the activity of proteolytic enzymes.

Some factors may be considered when applying the dipping strategy, such as the
concentration of organic acid, dipping time, and air-availability within the package (air
or vacuum package) as well as the storage temperature and draining time after dipping.
For example, Kim, et al. (1995) [56] evaluated the effects of lactic acid (2 and 3%) dipping
(1 and 5 min) on catfish fillets (Silurus glanis) and observed that, for the lowest lactic acid
concentration, the dipping time influenced microbial development over 9 days of storage
(at 4 and 10 °C), with microbial loads being quite similar for the concentration of 2% with
5 min of dipping time and 3% concentration with 1 min of dipping time.

Manju et al. (2008) [57] evaluated the effects of sodium acetate and potassium sor-
bate, both at a concentration of 2%, on pearl spot (Etroplus suratensis) dipped for 30 min
and stored under refrigerated conditions (1-2 °C) in combination with vacuum- and air-
packaging. The authors reported a shelf-life extension, in both packaging methods, of up
to 16 days when compared to control samples (7 days without organic acid salts). The
addition of sodium acetate and potassium sorbate yielded considerable reductions in TVB-
N and TMA-N, improved textural properties, and slowed down microbial development,
especially for vacuum-packed samples, which correlated well with the lower levels of
TVB-N and TMA-N found in samples packed at such conditions, with the authors stating
that this could be due to microbial development control, as well as the decrease of bacteria’s
ability to perform oxidative deamination of non-protein nitrogen. In addition, the authors
observed that samples treated with potassium sorbate presented lower values of TVB-N
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compared to those treated with sodium acetate, which was thought to be due to the greater
inhibition of the first salt on Gram-negative bacteria. The susceptibility of Gram-negative
bacteria to acidity was also noticed by Kim et al., (1995) [56], who stated that undissociated
organic acids may penetrate within the lipid membranes of microorganisms, leading to the
protonation of anionic components (as is the case for phosphate and carbonyl groups) of
such structures, weakening molecular interactions, leading to membrane disruption [58].
Organic acids may also penetrate within microbial cytoplasm, where they usually disso-
ciate and tend to donate protons (H), forcing microorganisms to expel the excess of H,
which is an energy consuming process, thus limiting microbial proliferation. Consequently,
the cytoplasm of the microorganisms reaches pH levels that are unbearable for microbial
development [59].

This could be an interesting strategy to inhibit pathogens such as L. monocytogenes,
Escherichia coli [60], and Vibrio spp. [61] and reduce bacterial loads responsible for fish
spoilage, as is the case for Pseudomonas spp., LAB, HyS-producing bacteria, and
Enterobacteriaceae [62]. These are the main bacterial groups responsible for fish spoilage and
foodborne illnesses caused by the consumption of raw or undercooked fish. Additionally,
pathogens such as L. monocytogenes and E. coli could also be inhibited [60].

While the dipping strategy seems to have quite beneficial effects on the shelf-life of
fresh fish, high dipping times and organic acid concentrations may lead to fish muscle
digestion and undesirable sensorial attributes, especially of color parameters (which can be
minimized with the cooking process) [57]. Usually, during fish dipping, the fish pH tends
to decrease, depending on the organic acid concentration and dipping time, which will
have a major impact on fish texture, and in water-holding capacity (WHC), as when the pH
of fish reaches the isoelectric point, proteins tend to aggregate or denature, leading to the
reduction of WHC [63]. In addition, the pH of fish tends to increase during cold storage
due to microbial deamination and protein breakdown, so dipping fish in organic acids can
slow down microbial proliferation (as previously described) and inhibit some enzymatic
reactions [64] given these effects on proteins. Some other examples of studies covering
fresh fish dipping and spraying are displayed in Table 3. In addition to the effects of fish
dipping previously described, one interesting effect of this technique is the reduction of
heavy metals levels in fish from fresh and sea waters, for instance, a reduction of heavy
metals was verified in freshwater fish, Tilapia nilotica (Oreochromis niloticus), pre-treated
with acetic acid, which could be due to the formation of insoluble acetate salts of these
metals [65]. Briefly, EInimr (2011) observed a reduction of 41.6 and 51.9% of cadmium
and lead in Basa fish (Pangasius hypothalmus) after dipping in acetic acid solution (5%) for
15 min.

Table 3. Literature regarding the effects of organic acids dipping and spraying on fresh fish.

. Organic Acid or Salt
Specie . Storage
. (Concentration, .rs Results Reference
(Scientific Name) .. . Donditions
Dipping Time)
Elimination of pathogenic Escherichia coli
. Lactic, acetic, and 5°C, vacuum and Listeria monocytogenes. Total aerobic
Bigeye trevally itric acid Kaging. f hiles devel lowed d
(Caranx sexfasciatus) citric acids packaging, for mesophiles development slowed down. [60]
(all at 2%, 30 min) 7 days Minor color changes because of the
dipping process.
Improved moisture retention, tenderness,
Black pomfret Sodium acetate 4 °C, air packed, for and higher water holding capacity, lower
(Form}':()) niger) (2.5%, 5 min) ’ - cPl,a s ! drip loss, and total TMA-N and TVB-N [66]
3 = y values in dipped fish samples compared
to undipped fish.
Acetic and citric acid Slower microbial proliferation, along with
Bolti fish (1 and 3%, 4 °C, air packed, for  catalase and protease activity decrease in [64]
(Oreochromis niloticus) respectively, 5 min) 12 days dipped fish, especially when the mixture

and a mixture of both

of both acids was used.
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Table 3. Cont.

. Organic Acid or Salt
Specie . Storage
. (Concentration, s Results Reference
(Scientific Name) A . Donditions
Dipping Time)
Shelf-life extension up to 6 days for 2.55%
Lactic acid 2and 7 °C, air dipped samples stored at both
(1.70 and 2.55%, packed, for 3 and temperatures. Sensorial panel did not [67]
10 min) 6 days, respectively consistently distinguish dipped and
Catifish fillets undipped samples.
*) Dipped samples presented less than 2 log
Lactic acid o units of Gram-negative bacteria by the
. 4 and 10 °C, air . .
(2%, 5 min) (3%, 1 acked. for 9 davs 9th day of storage. Higher concentrations [56]
and 5 min) P / y and dipping times slowed down
microbial development.
Reduced microbial proliferation (total
Acetic, citric, aerobic mesophiles, total coliforms, and
Catifish fillets hydIiOCthI‘lC, lact.1c, 4°C, air packed, for L.-mo.n.ocytogenes) on acid t.reated. samples.
(Ictalurus punctatus) malic, and tartaric 8 davs Significant color changes in catfish fillets [68]
P acids y after dipping (malic acid had the smallest
(2%, 10 min) impact on lightness while yellowness was
less impacted by hydrochloric acid).
Chub mackerel Lactic acid 4°C, vacuum Shelf—hfe extension of lactic acid dipped
(Scomber japonicus) (0, 2 and 4%, 30 min) acked, for 12 days fillets. Improved control of TMA-N and (6]
Jap ! % p ! Y TVB-N production.
Acetic and citric acid Reduction of thiobarbituric acid-reactive
cetie and cwlc ac o s substances (TBARS) and TVB-N
(1 and 3%, 4 °C, air packed, for . ..
respectively, 5 min) 12 davs concentration. Improved WHC and lipid [63]
an dz mix tuzzz of both y content for fish dipped in citric and acetic
Nile tilapia acid compared to undipped fish.
(Oreochromis niloticus) 2°C, a and Microbiological shelf-life extension for
modified modified atmosphere packaged dipped
Acetic acid atmosphere (80% . 1osp P & PP
(1%, 2 min) CO, and 20% N») fish samples, improvement of TVB-N and [70]
© azcka i Oforz TBARS values, and good overall
P 1 %iafs, acceptability after 21 days of storage.
Microbiological and sensorial shelf-life
extension of vacuum packaged pearl spot
Pearl spot Sodium acetate and 1-2 °C, air and when combined with salts (16 days,
(Etroplus sulr:)a tensis) potassium sorbate vacuum packed, for  compared to 7 days for control samples), [57]
P (both at 2%, 30 min) 18 days with improved sensorial properties and
y p prop
reduced TMA-N and TVB-N compared to
untreated samples (without salts).
Microbial development inhibited by
dipping treatment, with sodium citrate
showing the best results. Both lipid [62]
. oxidation and TBARS values
Sodium acetate, were delaved
Salmon sodium citrate and 1 °C, air packed, for yed-
(Salmo salar) sodium lactate (2.5%, 15 days Shelf-life extension of 12 days for sodium
10 min) lactate and sodium citrate, and 15 days for
sodium acetate. Reduction of k-value, (71]

hypoxanthine, TVB-N, TMA-N values,
and improved sensorial attributes in
dipped salmon fillets.
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. Organic Acid or Salt
Specie . Storage
. (Concentration, s Results Reference
(Scientific Name) A . Donditions
Dipping Time)
Lower total aerobic mesophiles and
Sardine Lactic acid 4 °C, air packed, for Ps?udomm.ms Spp- counts for lactic-acid
o o . dipped fish samples. Improved odor, [72]
(Sardina pilchardus) (5%, 2 min) 7 days
appearance, and aroma compared to
undipped samples.
Shelf-life extension of dipped fish samples
. 1-2°C, packedin (21 days) compared to undipped samples
Seer fish . . S
Sodium acetate air permeable (12 days). Extended lag phase of microbial
(Scomberomorus . . ... [73]
commerson) (2%, 10 min) ethylene vinyl development in dipped samples. Reduced
alcohol, for 24 days  lipid oxidation and nucleotide breakdown
inhibition in dipped fish.
Silver carp Acetic a;lccii dascorblc Lower microbial loads, pH, and peroxide
(Hypophthalmichthys (1 and 2%, 4 °C, air packed, for Valges in fish fillets sprayed v.\nth the [74]
o . 9 days combination of both organic acids, along
molitrix) respectively, sprayed)

and a mixture of both

with improved sensorial characteristics.

* The authors did not mention the scientific name of the species.

Fresh Fish Organic Acid-Icing

The organic acid-icing process consists in preparing ice flakes from aqueous solutions
of organic acids that will be directly in contact with the fish surface, thus allowing a slow
migration of such compounds, as well the possibility of keeping fresh fish under chilling
conditions near 0 °C.

In this sense, Rey et al. (2012) [75] assessed the performance of an icing-system containing
ascorbic, citric, and lactic acids, with concentrations of about 400 and 800 mg/kg (C-400 and
C-800) of ice under refrigeration conditions (4 °C) to preserve hake (Merluccius merluccius),
megrim (Lepidorhombus whiffiagonis), and angler (Lophius piscatorius). Generally, it was verified
that the C-800 icing-system retarded microbial development, along with lower levels of TMA-
N formation for 12 days of storage, and with a good overall acceptance by the sensorial panel,
which attributed a sensorial shelf-life between 8 (megrim) and 12 (hake and angler) days,
especially concerning muscle odor and taste.

The effects of organic acid-icing (like the one described above) on fish lipid oxidation
(primary, secondary, and tertiary) and hydrolysis were assessed by Garcia-Soto et al.
(2011) [76], using hake, megrim, and angler as case studies. The results showed that lipid
oxidation was partially inhibited in the three studied fishes, especially for the icing-system
containing the highest organic acid concentration (C-800). The authors attributed this effect
to the antioxidant properties of the organic acids used. Lipid hydrolysis (free fatty acids
content) was also generally inhibited, especially in megrim and angler, by the C-800 icing-
system. The hydrolysis of lipids is, in a first phase, mainly due to endogenous enzymatic
reactions carried out by lipases and phospholipases, and by microbial activity in a second
phase. So, it is noteworthy that the pH of fish samples can be depleted by the icing system,
resulting in partial enzymatic reaction inhibition (as explained before for fish dipping), as
well as by inhibition of microbial development in lean fish. This behavior was validated in
a fatty fish (mackerel, Scomber scombrus) by Sanjuas-Rey et al. (2012) [77], who observed
microbial development inhibition and lower values of TMA-N and TVB-N by using an
icing-system consisting of 0.05% of citric, acetic, and lactic acids.

2.3.2. Ozone

The first report of ozone usage in the food sectors dates from 1936, when it was used
in France to treat shellfish, and was recognized as a secondary direct food additive to



Foods 2021, 10, 2300

17 of 28

destroy food pathogenic microorganisms in 2001 by the Food and Drug Administration
(FDA). From this date onwards, several industries have been using ozone as a surface
decontaminant, especially for fruits, vegetables, eggs, seafood, meat, sausage, and dairy
industries [78].

The application of ozone to fresh fish follows a strategy of ozone dissolution in
water, with the fish individuals or processed fish being dipped for a certain period, or
it can be combined with icing systems, where it is stored at temperatures slightly below
0 °C, remaining in contact with the ozone (dissolved and entrapped in ice) during the
storage period. In this section, both techniques will be presented and then discussed in the
next section.

Ozonized Water Dipping

As previously stated, this strategy consists of dipping fresh fish in ozonized water for
a certain period. Several variables are to be considered when performing this method, such
as ozone concentration, exposure time (dipping time), and ozonized-water temperature.

When it comes to ozone concentration, it is expected that higher concentrations
may yield higher microbial load inactivation/injuries, as reported by Silva & Gongalves
(2017) [79], who treated Nile tilapia fillets (Oreochromis niloticus) with ozonated water (0.5,
1.0and 1.5 mg/L for 0 to 15 min) and observed a reduction of about 3 and 4 log units of total
aerobic mesophiles in the whole tilapia-surface at an ozone concentration of 1 and 1.5 mg/L
and an exposure time of 10 and 15 min. Regarding tilapia fillets (Oreochromis niloticus),
lower microbial loads reductions were observed, with both concentrations of 1.0 and
1.5mg/L and exposure times of 10 and 15 min having very similar effects. Nevertheless, the
inactivation rates decreased by increasing the exposure time, with the authors attributing
this effect to the decreasing oxidizing effect of ozone due to its instability and consequent
dissociation, releasing oxygen to water. Lipid oxidation increased with exposure time and
ozone concentration, which can also be explained by the dissociation of ozone and release of
oxygen, promoting lipid oxidation, increasing the formation of peroxides and/or products
resulting from their decomposition. The proposed mechanism of lipid-enhanced oxidation
by ozone relies on the generation of free O,” and HO' radicals that have a high oxidation-
reduction potential. Generation of these radicals in water (H,O™ can be formed by reacting
with O, and HO) enhances lipid peroxidation and protein denaturation [80]; thus, both
concentration and exposition time are to be carefully controlled to avoid undesirable
changes in the fish surface. Some examples of the effects of ozone dipping and spraying
are displayed in Table 4.

Table 4. Literature regarding the effects of dissolved ozone dipping and spraying on fresh fish.

Specie Concentration, Storage
(Scientific Name) Dipping Time, Conditions Results Reference
Water Temperature
Total psychrophiles and coliform loads
Catfish 5and 10 mg/L, 4 °C, air packed,  reduction after fish dipping, minor impact on [81]
(Ictalurus punctatus) 10 min, 20 °C for 12 days microbial evolution during storage. TBARS
values remained unchanged for 12 days.
3.5mg/L, 3 cycles 2 °C (passive Microbial development inhibition. Lower
Cod of 5 min and 4.7 refrigeration), TVB-N and TMA-N values, along with higher [82]
(Merluccius merluccius) mg/L, 4 cycles of air packed, for lipid hydrolysis and TBARS values compared
10 min, ** 12 days with undipped samples.
(relclea(s::gae%; Microbiological shelf-life extension for
Nile tilapia 4.0 mg/L, 30 min, ** p2 4h), air Y ozonated samples, along with lower TVB-N and [80]
(Oreochromis niloticus) Cmes ! packeél for higher TBARS values. No sensorial differences

18 days

between unozonized and ozonized samples.
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Table 4. Cont.

Specie Concentration, Storage
(Scientific Name) Dipping Time, Conditions Results Reference
Water Temperature
Microbial development retarded by ozone
. 0.6 and 0.4 mg/mL, 4 °C, vacuum dipping, although with minor differences
Rainbow trout . . .
(Onchorynchous mykiss) for 60 and 90 min packed, for between ozone concentrations and dipping [83]
respectively), 5 °C 15 days time. TVB-N values for dipped samples were
considerably lower.
o o Lower microbial loads, TVB-N and TMA-N
. 1°C, MAP (50% .
Red mullet 0.3 mg/L, 10 min, N levels compared to unozonized samples under
o CO, and 50% . . [84]
(Mullus surmuletus) 5°C MAP. Similar peroxide values and
Ny), for 24 days . .
sensorial acceptability.
Inhibitory effect against Listeria innocua for
Salmon land 15 mg/L, 4°C, air packed, 6 days. Lower TBARS and propanal values for

(Salmo salar)

1-3 spray nozzles, ** for 10 days

ozone-spayed fish, especially at 1.5 mg/L. [85]
Number of spray nozzles showed minor
impacts on the aforementioned parameters.

Shelf-life extension of 1 week by microbial
development inhibition in ozonated samples.

( Arnoslcoaslsitfslsltzlterna) 8 mgél;;lfnCZSles of 2 f(s),r a11£ Eidzed' Lower TVB-N lipid hydrolysis, along with [82]
Y ! y higher TMA-N and TBARS values compared to
undipped fish.
Microbiological and sensorial shelf-life
extension of ozonized samples compared to
Tilapia 0-5 °C, air control, improved freshness, especially for
(Oreochromis niloticus x 0.1 mg/L,1h,20°C packed, for those kept at 0 °C. Lower TVB-N, TBA, and [86]
Oreochromis aureus) 30 days values for ozonized tilapia muscles along with
lower scores for odor and taste. No effects
on texture.
Shelf-life extension of ozonized trout from 4 to
o . 6 days compared to control samples, along with
Trout * 0.1mg/L,2h,** 5 (fzo’fgré);;i(ed’ lower values of TVB-N and peroxides” index. [87]

No major differences in protein content for
ozonized samples compared to controls.

TVB-N: Total volatile basic-nitrogen; TMA-N: Trimethylamine-nitrogen; TBARS: Thiobarbituric acid reactive substances; TBA: Thiobarbi-
turic acid. * The authors did not mention the scientific name of the species. ** The authors did not mention the water temperature.

Ozone-washing can also be used as a tool to remove muddy-flavors (such as those de-
rived from geosmin), as reported by Zhang et al. (2016) [88], who was able to remove 69.2%
of geosmin after an ozuone-flotation treatment for 15 min, against 54.3% for conventional
ozone water washing for the same treatment time.

Ozonized Icing-Systems

The ozone-icing process consists in preparing ice flakes with ozone that will be directly
in contact with the fish surface, allowing fresh fish to be kept under chilling conditions
near 0 °C, in a similar process described previously for organic acid icing-systems.

For example, Campos, Losada, Rodriguez, Aubourg, and Barros-Velazquez (2006) [89]
evaluated the effects of ozonated slurry ice (—1.5 °C), and ozone concentration of 0.2 mg/L
to preserve turbot (Psetta maxima) stored at 2 °C for 35 days, and observed that lipid
hydrolysis and oxidation slowed down in the presence of ozone in the slurry ice, in
addition to the lower microbial loads in fish individuals (nevertheless, parameters such as
nucleotide degradation and TMA-N were not influenced by the presence of ozone). The
authors also reported a sensorial shelf-life for ozonated slurry ice of 14 days, compared to
7 days for control samples. Comparable results were obtained by Aubourg et al. (2006) [90]
for megrim (Lepidorhombus whiffiagonis) preserved by ozonated slurry ice (at a concentration
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of 0.08 and 0.16 mg/L), with megrim individuals presenting improved sensorial attributes
after 14 days of on-board storage when compared to un-ozonated slurry ice, showing that
on-board ozonated slurry ice systems are an interesting approach to preserve fresh fish
with minimal impact on fish quality and safety. Another study from Chen et al. (2016) [91]
with bighead croaker (Collichthys niveatus) discovered that ozonated slurry-ice can retard
the degradation of myofibrillar proteins and reduce the deterioration of fish microstructure.
In addition, this methodology proved to have inhibitory effects on formation of TVB-N,
peroxide index, and thiobarbituric acid reactive substances (TBARS) values.

2.4. Natural Extracts

The application of natural preservatives in foods has caught the attention of the gen-
eral public. Foods containing natural preservatives will be chosen over those containing
synthetic preservatives [2]. According to Gyawali & Ibrahim (2014) [92], natural preserva-
tives should have a broad action against bacteria and fungi, be non-toxic, and be active
in low concentrations, not change the color and flavor of foods, have no pharmaceutical
applications, be clean-label, and cost-effective. Most natural preservatives are derived from
microorganisms, animals, and plants [93].

2.4.1. Extracts from Plants

Plants, especially their secondary metabolites, present a wide range of applications,
especially in pharmaceutical and food sectors. These extracts usually show antimicrobial
activity, attributed to polyphenolic compounds which come into contact with bacterial
membranes and lead to their disruption and cell leakage, along with the formation of
hydroperoxides [2]. In addition, these extracts may also present antioxidant activity, which
may be interesting for fish preservation by means of slowing down lipid oxidation. Table 5
presents the effects of some plant extracts on fresh fish preservation.

Table 5. Examples of the application of natural extracts from plants to fresh fish and their effects on fish quality indicators.

Species

Plant or Extract,

Concentration, Storage

(Scientific Name) Dipping Time, Conditions Results Reference
Temperature
Black bream Kakadu plum, 4 °C, air packed, Both leaf and fruit extracts slowed down microbial [94]
(Acanthopagrus butcheri) 0.05-0.2%, 6 h, ** 15 days development, especially at higher concentration.
Sensorial shelf-life extension (2-fold) of fish samples
Crucian carp Rosemary, 0.2%, 4 °C, air packed, dipped in rosemary extract, validated by [95]
(Carassius auratus) 2 min, 4 °C 20 days microbiology results, along with pH, TVB-N, and N
k-value increase.
Microbial growth delayed with increasing moringa
Nile tilapia (Oreochromis Moringa, 1-4%, ice 5°C ** 12 davs extract concentration. Lower peroxides, TBARS, and [96]
niloticus) incorporation 7 y TVB-N values compared to control samples (with
no extracts).
Lower microbial loads and k-values during storage,
Pompano Rosemary, 0.2%, 4 °C, air packed, along with lower TMA-N and TVB-N values [97]
(Trachinotus ovatus) 30 min, 4 °C 15 days compared to control. No effects on TBARS values and
peroxide index.
Wild mint extract provided the best antimicrobial and
Rainbow trout Cumin and wild mint, 4 °C, air packed, antioxidant activities, resulting in lower peroxide, 98]
(Oncorhynchus mykiss) 3-6%, 30 min, ** 18 days TBARS, TVB-N, and TMA-N values, along with the
best sensorial scores.
Silver carp . o . Shelf-life extension of fish treated with garlic extracts
; Few-flowered garlic, 4 °C, air packed, L. R
(Hypophthalmichthys o A of up to 15 days. Lipid oxidation rates slowed down. [98]
. 2.0-4-0%, 30 min, 15 days . .
molitrix) Improved sensorial attributes.
Zander Green tea, 1%, 4°C, air packed, L(?wer microbial countsf TVB-N and TBARS Valges,
improved organoleptic scores. Lower content in [99]

(Lucioperca lucioperca)

10 min, **

15 days

histamine, cadaverine, and putrescine.

TVB-N: Total volatile basic-nitrogen; TMA-N: Trimethylamine-nitrogen; TBARS: Thiobarbituric acid reactive substances. ** The authors did
not mention the dipping temperature. *** Fish samples were in direct contact with the ice.
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Similar to organic acid dipping, the effects of plant extracts in fresh fish are dependent
upon extract concentration, dipping time, and temperature, since excessive dipping can
result in undesirable physicochemical and sensorial effects.

The origin of the extracts and extraction solvent may influence the evolution of fish
degradation rates during refrigerated storage. For example, Yazgan et al. (2020) [100]
evaluated the feasibility of water and ethanol extracts of propolis (0.4 and 0.8%) in sardine
(Sardine aurita) and observed microbial load inhibition for both extracts, which was more
pronounced for ethanolic extracts. The authors also reported that, despite ethanolic extracts
providing the best sensorial scores, chemical parameters such as TBARS and peroxide
values were lower for water extracts when compared to ethanolic extracts, showing that
the extract composition (influenced by the extraction solvent) plays a significant role in
antioxidant activity of the compounds extracted [101], and, consequently, on the feasibility
of the extracts to preserve fresh fish. The fact that the sardine samples were vacuum-packed
also inhibited some oxygen-dependent reactions.

In this sense, the addition of natural extracts can even be combined with other hurdles
to microbial development to further improve the shelf-life of fresh fish. Houicher et al.
(2015) [102] combined VP with ethanolic extracts of mint and artemisia on sardine
(Sardina pilchardus) kept under refrigeration for 21 days. Both extracts, at 1% concentration,
yielded lower values of histamine, tyramine, and cadaverine, while mint extracts were
more effective to decrease biogenic amines production. Nevertheless, artemisia extracts
were more effective to inhibit histamine-forming bacteria.

The application of natural extracts in icing-systems was assessed by Miranda et al.
(2018) [103], who evaluated the combined effect of ethanolic quinoa extracts (at a concentra-
tion of 0.05 and 0.20%) and icing-system to preserve Atlantic chub mackerel (Scomber colias).
The results showed that lipid hydrolysis was lower during the 13 days of storage, which
correlated well with lipolytic bacteria growth slow down. In addition, the peroxide, TBARS
and fluorescent compound values observed for fish individuals in the icing-system with
0.20% quinoa extracts were lower than those without quinoa extracts. These results were
attributed to the phenolic compounds and other hydrophobic compounds with antimicro-
bial activity.

Indeed, the use of natural extracts in combination with other hurdles (such as MAP and
vacuum packaging, refrigeration, etc.) can enhance the shelf-life of fresh fish even further,
as an additional hurdle (provided by the natural extracts) is being added to the system.
The combination of multiple natural extracts is also reported in the literature, although
it must be carefully studied to avoid loss of fresh fish sensorial attributes [104]. Table 6
summarizes some examples of the use of the multi-hurdle concept for fish preservation,
and the main effects on the fish products.

Table 6. Examples on the application of single and combined natural extracts from plants with other hurdle techniques on

fresh fish and their effects on fish quality indicators.

Plant Extract,
Species Concentration, Storage
(Scientific Name) Dipping Time, Conditions Results Reference
Temperature
Higher doses of water and ethanolic extracts
Sardine Propolis, 0.4-0.8%, 3 °C, vacuum improved sardine shelf-life and resulted in [100]
(Sardine aurita) 4 min, * packed, 15 days lower TVB-N and TBARS. Ethanolic extracts
provided the best sensorial scores.
Sensorial analyses scores were better for
Sardine Rosemary, 1-2%, 4 °C, vacuum samples treated with 1% of rosemary extracts, [105]
(Sardinella pilchardus) 2 min, * packed, 20 days  despite the lower TVB-N, peroxide index, and -
TBARS values for 2% concentration.
Yellow corvina Bavberrv leaf. 0.2% 4°C, air and Microbial growth slow down. Lower values of
(Larimichthys polyactis) y 1 hy 40 CI “% " yacuum packed, TVB-N and TBARS values. Improved sensorial [106]

16 days scores. No impact on fish color.
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Plant Extract,
Species Concentration, Storage
(Scientific Name) Dipping Time, Conditions Results Reference
Temperature
Grapefruit seed o . Inhibition of Pseudomonas fluorescens required a
4 °C, air and .. . . .
extract (GFSE) and mininum active solution containing 2% of
. MAP (30:40:30 .
Sea bream tymol and chitosan, 0,/COy /N, chitosan and 6000 ppm of GFSE and tymol. The
1500-6000 ppm(for use of MAP consisting of 5:95 O, /CO,, [104]
(Sparus auratus) and 5:95 .. . . . .
GFSE and tymol) maintained the microbiological quality for up
o 1 02/COy), :
(1-4% chitosan), 10 dave to 10 days, as opposed to undipped samples
60s,* y that spoiled in 34 days.
_1°Cand Lipid oxidation was retarded and lower
Common. dolphin fish H. strobilaceum, 1%, MAP (45% COy, peroxide values and malondlaldehyde content
fillets . compared to control groups (placed in trays and [107]
; 2 min, ** 50% Ny, 5% O5), )
(Coryphaena hippurus) up to 18 davs not sealed). The use of H. strobilaceum allowed
P y maintainance of the content of n-3 PUFAs
. . . 4 °Cand MAP The combination of extracts and MAP allowed
Pacific white shrimps Green tea, 0.1%, (50% CO3, 5% . .
. . . 5 A for better microbial growth control and lower [108]
(Litopenaeus vannamei) 15 min, 4 °C O,, 45%, N»), . .
melanosis formation compared to MAP alone.
up to 10 days

TVB-N: Total volatile basic-nitrogen; TMA-N: Trimethylamine-nitrogen; TBARS: Thiobarbituric acid reactive substances; GFSE: Grapefruit
seed extract. * The authors did not mention the scientific name of the species. ** The authors did not mention the dipping temperature.

In a circular economy approach, the use of plant-based agri-food wastes with antimi-
crobial activity may be an interesting approach to valorize these wastes, allowing reduction
of food waste. For example, Shinde et al. (2015) [109] reported a 2-fold shelf-life of Indian
mackerel (Rastriliger kanagurta) dipped in 0.5 and 1% of pomegranate peel extract, which
also resulted in lower values of TMA-N and TVB-N and lower lipid hydrolysis for both
concentrations. As expected, higher concentrations of extract allowed improved control
of microbial growth. Pomegranate peels are very rich in flavonoids and tannins that are
known to have high antioxidant activity, along with other agri-food wastes, such as potato
and apple peels, rice bran, and grape seeds, among others, which may be an interesting
research topic to evaluate in coming years.

Plant-based extracts can be combined with other natural compounds, such as bacteri-
ocins, which will provide an amplified antimicrobial effect and improved physicochemical
stability of fresh fish. In this sense, Gao et al. (2014) [97] combined rosemary extracts with
nisin on pompano fish (Trachinotus ovatus) and observed that the combination of extracts
resulted in lower values of TBARS, peroxide indexes, TVB-N, TMA-N and improved
sensorial and texture parameters, along with microbial development slow down.

2.4.2. Extracts from Algae

Algae have received a lot of attention lately due to their abundance, being natural
sources of terpenes, phlorotannins, phenolic compounds, fatty acids, steroids, halogenated
ketones and alkanes, acrylic acid, polysaccharides, and cyclic polysulphides that have
potent antioxidant and antimicrobial capacity [2]. Considering this, Wang et al. (2009) [110]
reported that phlorotannins can inhibit oxidative phosphorylation and binding to bacte-
rial membranes, proteins, and enzymes, leading to cell lysis. In addition, Amorim et al.
(2012) [111] suggested that some sulphated polysaccharides from algae may bind to cell
wall compounds and cytoplasmic membrane and penetrate within the cell and bind to
DNA, which will increase cytoplasmatic membrane permeability, thus slowing down
microbial development. As an example, Miranda et al. (2018) [103] included ethanolic
extracts from Bifurcaria bifurcata to evaluate their potential to extend the shelf-life of megrim
(Lepidorhombus whiffiagonis). During the 14 days of storage, it was observed that indigenous
microorganisms were inhibited by the algae extracts, and TMA-N values and lipid hydrol-



Foods 2021, 10, 2300

22 of 28

ysis were lower for fish samples with algae extracts. Oucif et al. (2018) [112] combined
ethanolic-water extracts of the algae Cystoseira compressa with an icing system to preserve
horse mackerel (Trachurus trachurus) and observed that microbial development slowed
down during 11 days of storage. The addition of algae extracts also resulted in lower lipid
hydrolysis rates, along with lower values of TMA-N and reduced lipid oxidation (primary,
secondary, and tertiary) compared to control samples (where no extract was added).

Other examples considered the addition of algae extracts to preserve fish, namely
tilapia (Oreochromis niloticus) [113], tuna (Euthynnus affinis) [114], Atlantic salmon
(Salmo salar) [115], Atlantic chub mackerel (Scomber colias) [103], among others.

2.4.3. Latic Acid Bacteria and Bacteriocins

According to Huss et al. (1995) [116], candidate protective cultures for fish preservation
must fulfil four essential criteria, as follows: (1) present no threats to health; (2) have the
ability to grow and compete with other cultures under refrigeration conditions (5 °C);
(3) must present a consistent and continuous antimicrobial activity; (4) must not spoil fish
(by means of off-flavors and odor production, slime, etc.).

Bacteriocins are usually produced by LAB in order to create a more competitive en-
vironment for nutrient uptake, i.e., while bacteriocins inhibit other microbial consortia
proliferation, LAB take advantage of such inhibition and can uptake the available nutri-
ents [117]. Several studies have demonstrated the effectiveness of bacteriocins (peptides
containing between 30 and 60 amino acids), especially those produced by LAB against fish
pathogens and degradative microorganisms [2]. Nisin, lacticin, pediocins, and reuterin
(an organic compound derived from D-ribose) are, by far, the most studied bacteriocins
for preserving fresh fish. Nevertheless, this strategy relies on direct application of LAB
cultures by fish dipping/spraying, or by application of the isolated bacteriocins [2].

In this sense, Cao, Liu, Chen, Yang, and Li, (2015) [118] evaluated the effects of
Lactobacillus plantarum 1.19 dipping of tilapia (Oreochromis niloticus) fillets and observed a
lower increase in K-value (freshness index of fish flesh, whereas high K-values are related
with fish spoilage) and total aerobic mesophiles during refrigerated storage (4 °C), as
well as a better sensorial score when compared to undipped samples. In another study,
Anacarso et al. (2014) [119] sprayed fresh Atlantic salmon (Salmo salar) with Lactobacillus pentosus
39 and observed its activity against Aeromonas hydrophila (a Gram-negative foodborne
pathogenic bacteria that is quite resistant to sanitizing agents and able to thoroughly
reproduce under refrigeration conditions) and L. monocytogenes, suggesting that, under
refrigeration conditions, Lact. pentosus 39 was able to reduce the counts of both afore-
mentioned microorganisms, in addition to the total psychrophilic bacteria. Although, the
success of this technique requires a good control of the cold-chain, as a simulated breakage
of the cold-chain (for 12 h) resulted in the development of both pathogenic microorganisms.

When it comes to the direct application of bacteriocins, Sarika and colleagues [120]
studied the effects of three different concentrations of enterocin CD1 (0.1, 1 and 10% v/v) on
the preservation of reef cod fish (Epinephelus diacanthus) and reported a 2-log units reduction
of total aerobic microorganisms for the highest concentration of enterocin CD1 after 28 days
of storage at 4 °C, with the authors also reporting that this bacteriocin performed better than
the conventional sodium benzoate to extend the shelf-life of cod. The regulatory status on
the use of LAB and bacteriocins for food preservation must be carefully considered. When
it comes to regulatory status, nisin is the only bacteriocin licensed as a biopreservative. To
overcome this limitation, in situ production by lactic acid bacteria is a common approach
and several bacteriocinogenic cultures are commercially available. To be used in food
production, LAB species must be granted the FDA GRAS designation or be included in the
European Food Safety Authority’s (EFSA’s) list of qualified presumption of safety (QPS)
recommended biological agents [121,122].

Further research is needed to evaluate the impact of bacteriocins and lactic acid
bacteria on fish quality and safety, as well as to meet regulatory requirements to ensure
their safe application in the food industry.
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3. Conclusions

Refrigeration and freezing are common methods used to preserve fresh fish, which is
perishable due to its rich nutritional composition and physicochemical characteristics. How-
ever, these low temperature-based technologies cause some detrimental quality changes,
such as off-odors, off-flavors, rancidity, and loss of texture; therefore, several technologies
have been introduced to improve the overall preservation of the product.

Vacuum and modified atmosphere packaging technologies are characterized by the
manipulation of the atmosphere of the package, offering an additional hurdle to the
physical barrier protecting the fishery products. This allows the slowdown of microbial
deterioration and the rate of degradation reactions and, consequently, an increase in the
shelf-life. Overall, increases in the shelf-life of fresh fish by MAP of 2/3 days and 4/5 days,
when compared with VP and air packages, respectively, along with better sensorial quality
have been reported.

By adding active compounds with antimicrobial and/or antioxidant capacities to
synthetic or natural packaging films, active packaging technology has a positive impact
on the shelf-life and quality characteristics of fresh fish. As in active packaging, chemical
additives (like organic acids and ozone) and natural extracts make it possible to slow
down microbial proliferation and decrease TVB-N and TMA-N values, both important
parameters related to the shelf-life and sensorial quality of fresh fish.

Despite the advantages of the use of chemical-based strategies for fresh fish preserva-
tion here presented and discussed, both regulatory and consumer approval challenges must
be overcome until real commercial applications can be safely used in the industry. More-
over, an intense validation procedure must be performed to fully elucidate and convince
regulatory authorities on the safe use of natural extracts as food preservatives, alongside
with raising consumer awareness of the advantages of such procedures in the food industry.
Nevertheless, even though some of the presented preservatives exemplified here come
from natural sources, their toxicity is yet to be evaluated, as well as the interactions that
such compounds can have either with the fish products or packaging.

In conclusion, these chemical-based strategies are proven to successfully impact
fresh fish preservation and the interest in their application will certainly warrant new
developments in research in the future.

Author Contributions: Writing, original draft, R.A.A., C.A.P, V.L. and J.T.; Writing, review and
editing, R.A.A.,, C AP, VL, ].T., APM,, LG.E and J.B.; Validation, AM.S., PT,, E].B. and ]J.A.S.;
Resources, AM.S., P.T., MM.G. and J.A.S.; Project administration, A.M.S. and ]J.A.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This research paper was funded by project VALORMAR: Valorizagao Integral dos Recursos
Marinhos: Potencial, Inovagao Tecnoldgica e Novas Aplicagoes (POCI-01-0247-FEDER-024517).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, Jorge A. Saraiva, upon reasonable request.

Acknowledgments: Thanks are due to the University of Aveiro and FCT/MCT for the financial
support of LAQV-REQUIMTE research Unit (UIDB/50006/2020) through national funds and, where
applicable, co-financed by the FEDER, within the PT2020 Partnership Agreement, and for financing
the PhD grant of Renata A. Amaral (SFRH/BD/146009/2019), Vasco Lima (SFRH/BD/146080/2019),
Ana P. Martins (SFRH/BD/146369/2019) and Carlos A. Pinto (SFRH/BD/137036/2018). We would
also like to thank the scientific collaboration under the FCT project UIDB/50016 /2020 and UIDB/
04292/2020. The authors gratefully acknowledge the financial support of Fundo Europeu de De-
senvolvimento Regional (FEDER) através do Programa Operacional Competitividade e Interna-
cionalizagao (POCI) through the research project VALORMAR: Valorizacao Integral dos Recursos
Marinhos: Potencial, Inovagao Tecnoldgica e Novas Aplicagoes (POCI-01-0247-FEDER-024517). Fran-
cisco J. Barba would like to acknowledge the EU Commission and BBI-JU Horizon H2020, through



Foods 2021, 10, 2300 24 of 28

AQUABIOPRO-FIT project (Aquaculture and agriculture biomass side stream proteins and bioactives
for feed, fitness, and health promoting nutritional supplements) grant number 790956.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Prabhakar, PK; Vatsa, S; Srivastav, PP; Pathak, S.5. A Comprehensive Review on Freshness of Fish and Assessment: Analytical
Methods and Recent Innovations. Food Res. Int. 2020, 133, 109157. [CrossRef]

2. Mei, J.; Ma, X,; Xie, ]. Review on Natural Preservatives for Extending Fish Shelf Life. Foods 2019, 8, 490. [CrossRef]

3. FAO. Contributing to Food Security and Nutrition for All; The State of World Fisheries and Aquaculture; FAO: Rome, Italy, 2016;
ISBN 978-92-5-109185-2.

4. Yu,D,; Wu, L; Regenstein, ].M; Jiang, Q.; Yang, F; Xu, Y.; Xia, W. Recent Advances in Quality Retention of Non-Frozen Fish and
Fishery Products: A Review. Crit. Rev. Food Sci. Nutr. 2020, 60, 1747-1759. [CrossRef] [PubMed]

5. Sheng, L.; Wang, L. The Microbial Safety of Fish and Fish Products: Recent Advances in Understanding Its Significance,
Contamination Sources, and Control Strategies. Compr. Rev. Food Sci. Food Saf. 2021, 20, 738-786. [CrossRef] [PubMed]

6. Silbande, A.; Adenet, S.; Chopin, C.; Cornet, ].; Smith-Ravin, J.; Rochefort, K.; Leroi, F. Effect of Vacuum and Modified Atmosphere
Packaging on the Microbiological, Chemical and Sensory Properties of Tropical Red Drum (Sciaenops ocellatus) Fillets Stored at
4 °C. Int. ]. Food Microbiol. 2018, 266, 31-41. [CrossRef] [PubMed]

7. Biji, K.B.; Ravishankar, C.N.; Venkateswarlu, R.; Mohan, C.O.; Gopal, TK.S. Biogenic Amines in Seafood: A Review. J. Food Sci.
Technol. 2016, 53, 2210-2218. [CrossRef]

8. Li X, Li,J; Zhu,],; Wang, Y; Fu, L.; Xuan, W. Postmortem Changes in Yellow Grouper (Epinephelus awoara) Fillets Stored under
Vacuum Packaging at 0 °C. Food Chem. 2011, 126, 896-901. [CrossRef]

9. Kostaki, M.; Giatrakou, V.; Savvaidis, LN.; Kontominas, M.G. Combined Effect of MAP and Thyme Essential Oil on the
Microbiological, Chemical and Sensory Attributes of Organically Aquacultured Sea Bass (Dicentrarchus labrax) Fillets. Food
Microbiol. 2009, 26, 475-482. [CrossRef]

10. Kykkidou, S.; Giatrakou, V.; Papavergou, A.; Kontominas, M.G.; Savvaidis, LN. Effect of Thyme Essential Oil and Packaging
Treatments on Fresh Mediterranean Swordfish Fillets during Storage at 4 °C. Food Chem. 2009, 115, 169-175. [CrossRef]

11. Geng, LY,; Esteves, E.; Anibal, J.; Diler, A. Effects of Chilled Storage on Quality of Vacuum Packed Meagre Fillets. . Food Eng.
2013, 115, 486-494. [CrossRef]

12.  Jezek, E; Buchtova, H. Physical and Chemical Changes in Fresh Chilled Muscle Tissue of Common Carp (Cyprinus carpio L.)
Packed in a Modified Atmosphere. Acta Vet. Brno 2007, 76, S83-592. [CrossRef]

13.  Ghaani, M.; Cozzolino, C.A.; Castelli, G.; Farris, S. An Overview of the Intelligent Packaging Technologies in the Food Sector.
Trends Food Sci. Technol. 2016, 51, 1-11. [CrossRef]

14. Bhargava, N.; Sharanagat, V.S.; Mor, R.S.; Kumar, K. Active and Intelligent Biodegradable Packaging Films Using Food and Food
Waste-Derived Bioactive Compounds: A Review. Trends Food Sci. Technol. 2020, 105, 385—401. [CrossRef]

15. Brodowska, A.].; Nowak, A.; Smigielski, K. Ozone in the Food Industry: Principles of Ozone Treatment, Mechanisms of Action,
and Applications: An Overview. Crit. Rev. Food Sci. Nutr. 2018, 58, 2176-2201. [CrossRef] [PubMed]

16. Biji, K.B.; Ravishankar, C.N.; Mohan, C.O.; Srinivasa Gopal, T.K. Smart Packaging Systems for Food Applications: A Review. |.
Food Sci. Technol. 2015, 52, 6125-6135. [CrossRef] [PubMed]

17.  Tsironi, T.N.; Taoukis, P.S. Current Practice and Innovations in Fish Packaging. |. Aquat. Food Prod. Technol. 2018, 27, 1024-1047.
[CrossRef]

18. Sethi, S.; Nayak, S.L.; Joshi, A.; Sharma, R.R. 5—Sanitizers for fresh-cut fruits and vegetables. In Fresh-Cut Fruits and Vegetables;
Siddiqui, M.W., Ed.; Academic Press: Cambridge, MA, USA, 2020; pp. 99-119. ISBN 978-0-12-816184-5.

19. Fletcher, G.C. Advances in vacuum and modified atmosphere packaging of fish and crustaceans. In Advances in Meat, Poultry and
Seafood Packaging; Woodhead Publishing: Swaston, UK, 2012; pp. 261-297. ISBN 9781845697518.

20. Kachele, R.; Zhang, M.; Gao, Z.; Adhikari, B. Effect of Vacuum Packaging on the Shelf-Life of Silver Carp (Hypophthalmichthys
molitrix) Fillets Stored at 4 °C. LWT-Food Sci. Technol. 2017, 80, 163-168. [CrossRef]

21. Rodrigues, B.L.; da Silveira Alvares, T.; Sampaio, G.S.L.; Cabral, C.C.; Araujo, ].V.A,; Franco, R.M.; Mano, S.B.; Conte Junior, C.A.
Influence of Vacuum and Modified Atmosphere Packaging in Combination with UV-C Radiation on the Shelf Life of Rainbow
Trout (Oncorhynchus mykiss) Fillets. Food Control 2016, 60, 596—-605. [CrossRef]

22. Bakar, A. Effect of Modified Atmosphere Packaging on Microbial Flora Changes in Fishery Products. Int. Food Res. ]. 2013, 20,
17-26.

23. Séaez, ML.L; Martinez, T.F,; Cardenas, S.; Suarez, M.D. Effects of Different Preservation Strategies on Microbiological Counts, Lipid
Oxidation and Color of Cultured Meagre (Argyrosomus regius, L.) Fillets. ]. Food Process. Preserv. 2015, 39, 768-775. [CrossRef]

24. Lerfall, J.; Bjorge Thomassen, G.M.; Jakobsen, A.N. Quality of Fresh Saithe (Pollachius virens) in Modified Atmosphere Packages
as Affected by the Gas Composition. Food Packag. Shelf Life 2018, 18, 147-156. [CrossRef]

25. Noseda, B.; Islam, M.T.; Eriksson, M.; Heyndrickx, M.; De Reu, K.; Van Langenhove, H.; Devlieghere, F. Microbiological Spoilage

of Vacuum and Modified Atmosphere Packaged Vietnamese Pangasius Hypophthalmus Fillets. Food Microbiol. 2012, 30, 408-419.
[CrossRef]


http://doi.org/10.1016/j.foodres.2020.109157
http://doi.org/10.3390/foods8100490
http://doi.org/10.1080/10408398.2019.1596067
http://www.ncbi.nlm.nih.gov/pubmed/30924360
http://doi.org/10.1111/1541-4337.12671
http://www.ncbi.nlm.nih.gov/pubmed/33325100
http://doi.org/10.1016/j.ijfoodmicro.2017.10.015
http://www.ncbi.nlm.nih.gov/pubmed/29161643
http://doi.org/10.1007/s13197-016-2224-x
http://doi.org/10.1016/j.foodchem.2010.11.071
http://doi.org/10.1016/j.fm.2009.02.008
http://doi.org/10.1016/j.foodchem.2008.11.083
http://doi.org/10.1016/j.jfoodeng.2012.09.007
http://doi.org/10.2754/avb200776S8S083
http://doi.org/10.1016/j.tifs.2016.02.008
http://doi.org/10.1016/j.tifs.2020.09.015
http://doi.org/10.1080/10408398.2017.1308313
http://www.ncbi.nlm.nih.gov/pubmed/28394634
http://doi.org/10.1007/s13197-015-1766-7
http://www.ncbi.nlm.nih.gov/pubmed/26396360
http://doi.org/10.1080/10498850.2018.1532479
http://doi.org/10.1016/j.lwt.2017.02.012
http://doi.org/10.1016/j.foodcont.2015.09.004
http://doi.org/10.1111/jfpp.12286
http://doi.org/10.1016/j.fpsl.2018.11.006
http://doi.org/10.1016/j.fm.2011.12.025

Foods 2021, 10, 2300 25 of 28

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Hansen, A.A.; Moen, B.; Radbotten, M.; Berget, I.; Pettersen, M.K. Effect of Vacuum or Modified Atmosphere Packaging (MAP)
in Combination with a CO, Emitter on Quality Parameters of Cod Loins (Gadus morhua). Food Packag. Shelf Life 2016, 9, 29-37.
[CrossRef]

Babic, J.; Milijasevic, M.; Vranic, D.; Veskovic-Moracanin, S.; Djinovic-Stojanovic, J. Effect of Modified Atmosphere Pakaging on
the Shelf-Life of Common Carp (Cyprinus carpio) Steaks. Procedia Food Sci. 2015, 5, 2-5. [CrossRef]

Stamatis, N.; Arkoudelos, J. Quality Assessment of Scomber Colias Japonicus under Modified Atmosphere and Vacuum Packaging.
Food Control 2007, 18, 292-300. [CrossRef]

Hansen, A.A.; Merkere, T.; Rudi, K.; Radbotten, M.; Bjerke, F; Eie, T. Quality Changes of Prerigor Filleted Atlantic Salmon (Salmo
salar L.) Packaged in Modified Atmosphere Using CO, Emitter, Traditional MAP, and Vacuum. J. Food Sci. 2009, 74, M242-M249.
[CrossRef]

Mbarki, R.; Ben Miloud, N.; Selmi, S.; Dhib, S.; Sadok, S. Effect of Vacuum Packaging and Low-Dose Irradiation on the Microbial,
Chemical and Sensory Characteristics of Chub Mackerel (Scomber japonicus). Food Microbiol. 2009, 26, 821-826. [CrossRef]
[PubMed]

Miljjasevic, M.; Babic, J.; Veskovic-Moracanin, S. Effect of Vacuum and Modified Atmosphere on Enterobacteriaceae Count
Determined in Rainbow Trout (Oncorhynchus mykiss) and Carp (Cyprinus carpio) Steaks. Procedia Food Sci. 2015, 5, 195-198.
[CrossRef]

Zhang, J.; Li, Y,; Liu, X,; Lei, Y,; Regenstein, ].M.; Luo, Y. Characterization of the Microbial Composition and Quality of Lightly
Salted Grass Carp (Ctenopharyngodon idellus) Fillets with Vacuum or Modified Atmosphere Packaging. Int. J. Food Microbiol. 2019,
293, 87-93. [CrossRef] [PubMed]

Stamatis, N.; Arkoudelos, J.S. Effect of Modified Atmosphere and Vacuum Packaging on Microbial, Chemical and Sensory Quality
Indicators of Fresh, FilletedSardina Pilchardus at 3 °C. . Sci. Food Agric. 2007, 87, 1164-1171. [CrossRef]

Silbande, A.; Adenet, S.; Smith-Ravin, J.; Joffraud, J.J.; Rochefort, K.; Leroi, F. Quality Assessment of Ice-Stored Tropical Yellowfin
Tuna (Thunnus albacares) and Influence of Vacuum and Modified Atmosphere Packaging. Food Microbiol. 2016, 60, 62-72.
[CrossRef]

Mahmud, A.; Abraha, B.; Samuel, M.; Abraham, W.; Mahmud, E. Fish Preservation: A Multi-Dimensional Approach. MOJ Food
Process. Technol. 2018, 6, 303-310. [CrossRef]

European Commission. Commission Regulation (EC) No. 450/2009 of 29 May 2009 on Active and Intelligent Materials and
Articles Intended to Come into Contact with Food. Off. J. Eur. Union 2009, L135, 3-11.

Ganiari, S.; Choulitoudi, E.; Oreopoulou, V. Edible and Active Films and Coatings as Carriers of Natural Antioxidants for Lipid
Food. Trends Food Sci. Technol. 2017, 68, 70-82. [CrossRef]

Gomez-Estaca, ].; Lopez-de-Dicastillo, C.; Hernandez-Muifioz, P.; Catald, R.; Gavara, R. Advances in Antioxidant Active Food
Packaging. Trends Food Sci. Technol. 2014, 35, 42-51. [CrossRef]

Lee, K.T. Quality and Safety Aspects of Meat Products as Affected by Various Physical Manipulations of Packaging Materials.
Meat Sci. 2010, 86, 138-150. [CrossRef] [PubMed]

Remya, S.; Mohan, C.O.; Venkateshwarlu, G.; Sivaraman, G.K.; Ravishankar, C.N. Combined Effect of O2 Scavenger and
Antimicrobial Film on Shelf Life of Fresh Cobia (Rachycentron canadum) Fish Steaks Stored at 2 °C. Food Control 2017, 71, 71-78.
[CrossRef]

Noseda, B.; Vermeulen, A.; Ragaert, P; Devlieghere, F. Packaging of Fish and Fishery Products. In Seafood Processing; John Wiley
& Sons, Ltd.: Hoboken, NJ, USA, 2014; pp. 237-261. ISBN 978-1-118-34617-4.

Barbosa-Pereira, L.; Cruz, ].M.; Senddn, R.; Rodriguez Bernaldo de Quirés, A.; Ares, A.; Castro-Lopez, M.; Abad, M.].; Maroto,
J.; Paseiro-Losada, P. Development of Antioxidant Active Films Containing Tocopherols to Extend the Shelf Life of Fish. Food
Control 2013, 31, 236-243. [CrossRef]

da Rocha, M.; Aleman, A.; Romani, V.P,; Lépez-Caballero, M.E.; Gémez-Guillén, M.C.; Montero, P.; Prentice, C. Effects of Agar
Films Incorporated with Fish Protein Hydrolysate or Clove Essential Oil on Flounder (Paralichthys orbignyanus) Fillets Shelf-Life.
Food Hydrocoll. 2018, 81, 351-363. [CrossRef]

Kakaei, S.; Shahbazi, Y. Effect of Chitosan-Gelatin Film Incorporated with Ethanolic Red Grape Seed Extract and Ziziphora
Clinopodioides Essential Oil on Survival of Listeria Monocytogenes and Chemical, Microbial and Sensory Properties of Minced
Trout Fillet. LWT-Food Sci. Technol. 2016, 72, 432-438. [CrossRef]

Cardoso, L.G.; Pereira Santos, ].C.; Camilloto, G.P.; Miranda, A.L.; Druzian, J.I.; Guimaraes, A.G. Development of Active
Films Poly (Butylene Adipate Co-Terephthalate)—PBAT Incorporated with Oregano Essential Oil and Application in Fish Fillet
Preservation. Ind. Crop. Prod. 2017, 108, 388-397. [CrossRef]

Lopez de Lacey, A.M.; Lopez-Caballero, M.E.; Montero, P. Agar Films Containing Green Tea Extract and Probiotic Bacteria for
Extending Fish Shelf-Life. LWT-Food Sci. Technol. 2014, 55, 559-564. [CrossRef]

Carissimi, M.; Flores, S.H.; Rech, R. Effect of Microalgae Addition on Active Biodegradable Starch Film. Algal Res. 2018, 32,
201-209. [CrossRef]

Vazquez, J.A.; Gonzalez, M.P.; Murado, M.A. Effects of Lactic Acid Bacteria Cultures on Pathogenic Microbiota from Fish.
Aquaculture 2005, 245, 149-161. [CrossRef]

Bockisch, M. (Ed.) Chapter 8—Fat as or in Food. In Fats and Oils Handbook; AOCS Press: Urbana, IL, USA, 1998; pp. 719-802,
ISBN 978-0-9818936-0-0.


http://doi.org/10.1016/j.fpsl.2016.05.005
http://doi.org/10.1016/j.profoo.2015.09.084
http://doi.org/10.1016/j.foodcont.2005.10.009
http://doi.org/10.1111/j.1750-3841.2009.01233.x
http://doi.org/10.1016/j.fm.2009.05.008
http://www.ncbi.nlm.nih.gov/pubmed/19835766
http://doi.org/10.1016/j.profoo.2015.09.055
http://doi.org/10.1016/j.ijfoodmicro.2018.12.022
http://www.ncbi.nlm.nih.gov/pubmed/30677560
http://doi.org/10.1002/jsfa.2858
http://doi.org/10.1016/j.fm.2016.06.016
http://doi.org/10.15406/mojfpt.2018.06.00180
http://doi.org/10.1016/j.tifs.2017.08.009
http://doi.org/10.1016/j.tifs.2013.10.008
http://doi.org/10.1016/j.meatsci.2010.04.035
http://www.ncbi.nlm.nih.gov/pubmed/20510533
http://doi.org/10.1016/j.foodcont.2016.05.038
http://doi.org/10.1016/j.foodcont.2012.09.036
http://doi.org/10.1016/j.foodhyd.2018.03.017
http://doi.org/10.1016/j.lwt.2016.05.021
http://doi.org/10.1016/j.indcrop.2017.06.058
http://doi.org/10.1016/j.lwt.2013.09.028
http://doi.org/10.1016/j.algal.2018.04.001
http://doi.org/10.1016/j.aquaculture.2004.12.008

Foods 2021, 10, 2300 26 of 28

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Bushell, EM.L.; Tonner, P.D.; Jabbari, S.; Schmid, A.K.; Lund, P.A. Synergistic Impacts of Organic Acids and PH on Growth
of Pseudomonas Aeruginosa: A Comparison of Parametric and Bayesian Non-Parametric Methods to Model Growth. Front.
Microbiol. 2019, 9, 3196. [CrossRef]

Nazer, A.L; Kobilinsky, A.; Tholozan, J.-L.; Dubois-Brissonnet, F. Combinations of Food Antimicrobials at Low Levels to Inhibit
the Growth of Salmonella Sv. Typhimurium: A Synergistic Effect? Food Microbiol. 2005, 22, 391-398. [CrossRef]

Brul, S.; Coote, P. Preservative Agents in Foods: Mode of Action and Microbial Resistance Mechanisms. Int. J. Food Microbiol.
1999, 50, 1-17. [CrossRef]

Pandey, R.; Vischer, N.O.E.; Smelt, J PP.M.; van Beilen, ].W.A_; Ter Beek, A.; De Vos, W.H.; Brul, S.; Manders, E.M.M. Intracellular
PH Response to Weak Acid Stress in Individual Vegetative Bacillus Subtilis Cells. Appl. Environ. Microbiol. 2016, 82, 6463-6471.
[CrossRef]

Hazan, R.; Levine, A.; Abeliovich, H. Benzoic Acid, a Weak Organic Acid Food Preservative, Exerts Specific Effects on Intracellular
Membrane Trafficking Pathways in Saccharomyces Cerevisiae. Appl. Environ. Microbiol. 2004, 70, 4449-4457. [CrossRef]
Martinez, A.; Gilderb, A. Autolytic Degradation of Belly Tissue in Anchovy (Engraulis encrasicholus). Int. ]. Food Sci. Technol. 2007,
23,185-194. [CrossRef]

Kim, C.R.; Hearnsberger, J.O.; Eun, ].B. Gram-Negative Bacteria in Refrigerated Catfish Fillets Treated with Lactic Culture and
Lactic Acid. J. Food Prot. 1995, 58, 639-643. [CrossRef] [PubMed]

Manju, S.; Mohan, C.O.; Mallick, A K.; Ravishankar, C.N.; Gopal, T.K.S. Influence of Vacuum Packaging and Organic Acid
Treatment on the Chilled Shelf Life of Pearl Spot (Etroplus suratensis, Bloch 1790). J. Food Qual. 2008, 31, 347-365. [CrossRef]
Alakomi, H.-L.; Skyttd, E.; Saarela, M.; Mattila-Sandholm, T.; Latva-Kala, K.; Helander, .M. Lactic Acid Permeabilizes Gram-
Negative Bacteria by Disrupting the Outer Membrane. Appl. Environ. Microbiol. 2000, 66, 2001-2005. [CrossRef] [PubMed]
Gould, G.W. Methods for Preservation and Extension of Shelf Life. Int. . Food Microbiol. 1996, 33, 51-64. [CrossRef]

Al-Hajj, N.Q.M.; Alzoreky, N.; Al-Zaimy, A.; Wang, H.; Asamet, S.; Noor, Y.; Thabit, R. Destruction of Some Food Poisoning
Bacteria and Shelf-Life Extension of Seafood. JAIR 2014, 3, 10-15.

Rossi, B.; Esteban, M.A.; Garcia-Beltran, J.M.; Giovagnoni, G.; Cuesta, A.; Piva, A.; Grilli, E. Antimicrobial Power of Organic
Acids and Nature-Identical Compounds against Two Vibrio Spp.: An In Vitro Study. Microorganisms 2021, 9, 966. [CrossRef]
Sallam, K.I. Antimicrobial and Antioxidant Effects of Sodium Acetate, Sodium Lactate, and Sodium Citrate in Refrigerated Sliced
Salmon. Food Control 2007, 18, 566-575. [CrossRef]

El-Shemy, M.G.Y.; Hanafi, E.K.N.; Gadallah, M.G.E.; Yasin, N.M.N. Effect of Organic Acids Pretreatments on Physicochemical
Properties and Shelf Life of Refrigerated Bolti Fish: Tilapia Nilotica. J. Agric. Veterninary Sci. 2015, 8, 57-68. [CrossRef]
El-Shemy, M.G.Y,; Yasin, N.M.N.; Gadallah, M.G.E. Microbiological Quality and Enzymes Activity of Refrigerated Bolti Fish
(Tilapia nilotica) Pretreated with Organic Acids. J. Agric. Veterninary Sci. 2016, 9, 55-70. [CrossRef]

Elnimr, T. Evaluation of Some Heavy Metals in Pangasius Hypothalmus and Tilapia Nilotica and the Role of Acetic Acid in
Lowering Their Levels. Int. ]. Fish. Aquac. 2011, 3, 151-157.

Dhimmer, H.; Vala, S.R.; Lende, S.R.; Jora, K.; Vagh, S.N.; Mevada, J.; Fofandi, D.C.; Dhimmer, S. Quality Attributes and Shelf
Life Assessment of Black Pomfret (Formio niger) Steaks Treated with Salts of Organic Acids. J. Entomol. Zool. Stud. 2020, 8, 69-72.
[CrossRef]

Ingham, S.C. Lactic Acid Dipping for Inhibiting Microbial Spoilage of Refrigerated Catfish Fillet Pieces. |. Food Qual. 1989, 12,
433-443. [CrossRef]

Bal’a, M.EA.; Marshall, D.L. Organic Acid Dipping of Catfish Fillets: Effect on Color, Microbial Load, and Listeria Monocytogenes.
J. Food Prot. 1998, 61, 1470-1474. [CrossRef] [PubMed]

Metin, S.; Erkan, N.; Varlik, C.; Aran, N. Extension of Shelf-Life of Chub Mackerel (Scomber japonicus Houttuyn 1780) Treated with
Lactic Acid. Eur. Food Res. Technol. 2001, 213, 174-177. [CrossRef]

Gerges, T.; Selim, A.; Osman, M. Improvement the Shelf Life of Tilapia Fillets Stored at Chilling Condition. Benha Vet. Med |. 2016,
31, 45-55. [CrossRef]

Sallam, K.I. Chemical, Sensory and Shelf Life Evaluation of Sliced Salmon Treated with Salts of Organic Acids. Food Chem. 2007,
101, 2-17. [CrossRef] [PubMed]

Gogus, U.; Bozoglu, F; Yurdugul, S. Comparative Effects of Lactic Acid, Nisin, Coating Combined and Alone Applications on
Some Postmortem Quality Criteria of Refrigerated Sardina Pilchardus. J. Food Qual. 2006, 29, 658-671. [CrossRef]

Mohan, C.O.; Ravishankar, C.N.; Ashok Kumar, K.; Srinivasa Gopal, T.K. Quality and Shelf Life of Sodium-Acetate-Treated Seer
Fish (Scomberomorus commerson) Steaks Packed in EVOH Pouches During Chilled Storage. J. Packag. Technol. Res. 2019, 3, 109-116.
[CrossRef]

Monirul, I; Yang, F.; Niaz, M.; Qixing, J.; Wenshui, X. Effectiveness of Combined Acetic Acid and Ascorbic Acid Spray on Fresh
Silver Carp (Hypophthalmichthys molitrix) Fish to Increase Shelf-Life at Refrigerated Temperature. Curr. Res. Nutr. Food Sci. . 2019,
7,415-426. [CrossRef]

Rey, M.S.; Garcia-Soto, B.; Fuertes-Gamundi, J.R.; Aubourg, S.; Barros-Velazquez, J. Effect of a Natural Organic Acid-Icing
System on the Microbiological Quality of Commercially Relevant Chilled Fish Species. LWT-Food Sci. Technol. 2012, 46, 217-223.
[CrossRef]

Garcia-Soto, B.; Sanjuds, M.; Barros-Velazquez, ].; Fuertes-Gamundi, J.R.; Aubourg, S.P. Preservative Effect of an Organic
Acid-Icing System on Chilled Fish Lipids. Eur. ]. Lipid Sci. Technol. 2011, 113, 487—496. [CrossRef]


http://doi.org/10.3389/fmicb.2018.03196
http://doi.org/10.1016/j.fm.2004.10.003
http://doi.org/10.1016/S0168-1605(99)00072-0
http://doi.org/10.1128/AEM.02063-16
http://doi.org/10.1128/AEM.70.8.4449-4457.2004
http://doi.org/10.1111/j.1365-2621.1988.tb00566.x
http://doi.org/10.4315/0362-028X-58.6.639
http://www.ncbi.nlm.nih.gov/pubmed/31137433
http://doi.org/10.1111/j.1745-4557.2008.00204.x
http://doi.org/10.1128/AEM.66.5.2001-2005.2000
http://www.ncbi.nlm.nih.gov/pubmed/10788373
http://doi.org/10.1016/0168-1605(96)01133-6
http://doi.org/10.3390/microorganisms9050966
http://doi.org/10.1016/j.foodcont.2006.02.002
http://doi.org/10.12816/0023973
http://doi.org/10.12816/0030794
http://doi.org/10.22271/j.ento.2020.v8.i1b.6107
http://doi.org/10.1111/j.1745-4557.1989.tb00345.x
http://doi.org/10.4315/0362-028X-61.11.1470
http://www.ncbi.nlm.nih.gov/pubmed/9829187
http://doi.org/10.1007/s002170100362
http://doi.org/10.21608/bvmj.2016.31260
http://doi.org/10.1016/j.foodchem.2006.02.019
http://www.ncbi.nlm.nih.gov/pubmed/17245440
http://doi.org/10.1111/j.1745-4557.2006.00097.x
http://doi.org/10.1007/s41783-019-00059-8
http://doi.org/10.12944/CRNFSJ.7.2.11
http://doi.org/10.1016/j.lwt.2011.10.003
http://doi.org/10.1002/ejlt.201000097

Foods 2021, 10, 2300 27 of 28

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.
93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Sanjuas-Rey, M.; Gallardo, ]. M.; Barros-Veldzquez, J.; Aubourg, S.P. Microbial Activity Inhibition in Chilled Mackerel (Scomber
scombrus) by Employment of an Organic Acid-Icing System. J. Food Sci. 2012, 77, 264-269. [CrossRef]

Gongalves, A.A. Ozone as a Safe and Environmentally Friendly Tool for the Seafood Industry. J. Aquat. Food Prod. Technol. 2016,
25,210-229. [CrossRef]

de Mendonga Silva, A.M.; Gongalves, A.A. Effect of Aqueous Ozone on Microbial and Physicochemical Quality of Nile Tilapia
Processing. . Food Process. Preserv. 2017, 41, €13298. [CrossRef]

Zhao, Y.-M.; de Alba, M.; Sun, D.-W.; Tiwari, B. Principles and Recent Applications of Novel Non-Thermal Processing Technologies
for the Fish Industry—A Review. Crit. Rev. Food Sci. Nutr. 2019, 59, 728-742. [CrossRef] [PubMed]

Kim, S.-H.; Ben-Gigirey, B.; Barros-Velazquez, J.; Price, R.J.; An, H. Histamine and Biogenic Amine Production by Morganella
Morganii Isolated from Temperature-Abused Albacore. |. Food Prot. 2000, 63, 244-251. [CrossRef] [PubMed]

Aponte, M.; Anastasio, A.; Marrone, R.; Mercogliano, R.; Peruzy, M.E; Murru, N. Impact of Gaseous Ozone Coupled to Passive
Refrigeration System to Maximize Shelf-Life and Quality of Four Different Fresh Fish Products. LWT 2018, 93, 412—419. [CrossRef]
Nerantzaki, A.; Tsiotsias, A.; Paleologos, E.K.; Savvaidis, LN.; Bezirtzoglou, E.; Kontominas, M.G. Effects of Ozonation on
Microbiological, Chemical and Sensory Attributes of Vacuum-Packaged Rainbow Trout Stored at 4 £ 0.5 °C. Eur. Food Res.
Technol. 2005, 221, 675-683. [CrossRef]

Bono, G.; Badalucco, C. Combining Ozone and Modified Atmosphere Packaging (MAP) to Maximize Shelf-Life and Quality of
Striped Red Mullet (Mullus surmuletus). LWT 2012, 47, 500-504. [CrossRef]

Crowe, K.M.; Skonberg, D.; Bushway, A.; Baxter, S. Application of Ozone Sprays as a Strategy to Improve the Microbial Safety
and Quality of Salmon Fillets. Food Control 2012, 25, 464—468. [CrossRef]

Gelman, A.; Sachs, O.; Khanin, Y.; Drabkin, V.; Glatman, L. Effect of Ozone Pretreatment on Fish Storage Life at Low Temperatures.
J. Food Prot. 2005, 68, 778-784. [CrossRef] [PubMed]

Del Valle, ER.; Nickerson, ].T.R. Studies on Salting and Drying Fish. I. Equilibrium Considerations in Salting. . Food Sci. 1967, 32,
173-179. [CrossRef]

Zhang, T.; Xue, Y.; Li, Z.; Wang, Y.; Yang, W.; Xue, C. Effects of Ozone on the Removal of Geosmin and the Physicochemical
Properties of Fish Meat from Bighead Carp (Hypophthalmichthys nobilis). Innov. Food Sci. Emerg. Technol. 2016, 34, 16-23. [CrossRef]
Campos, C.A.; Losada, V.; Rodriguez, 0, Aubourg, S.P; Barros-Velazquez, J. Evaluation of an Ozone-Slurry Ice Combined
Refrigeration System for the Storage of Farmed Turbot (Psetta maxima). Food Chem. 2006, 97, 223-230. [CrossRef]

Aubourg, S.P; Losada, V.,; Gallardo, ].M.; Miranda, ].M.; Barros-Velazquez, J. On-Board Quality Preservation of Megrim
(Lepidorhombus whiffiagonis) by a Novel Ozonised-Slurry Ice System. Eur. Food Res. Technol. 2006, 223, 232-237. [CrossRef]

Chen, ].; Huang, J.; Deng, S.; Huang, Y. Combining Ozone and Slurry Ice to Maximize Shelf-Life and Quality of Bighead Croaker
(Collichthys niveatus). ]. Food Sci. Technol. 2016, 53, 3651-3660. [CrossRef] [PubMed]

Gyawali, R.; Ibrahim, S.A. Natural Products as Antimicrobial Agents. Food Control 2014, 46, 412-429. [CrossRef]

Carocho, M.; Morales, P.; Ferreira, I.C.ER. Natural Food Additives: Quo Vadis? Trends Food Sci. Technol. 2015, 45, 284-295.
[CrossRef]

Wright, M.H.; Shalom, J.; Matthews, B.; Greene, A.C.; Cock, LE. Terminalia Ferdinandiana Exell: Extracts Inhibit Shewanella Spp.
Growth and Prevent Fish Spoilage. Food Microbiol. 2019, 78, 114-122. [CrossRef]

Li, T; Li, J.; Hu, W,; Zhang, X.; Li, X.; Zhao, J. Shelf-Life Extension of Crucian Carp (Carassius auratus) Using Natural Preservatives
during Chilled Storage. Food Chem. 2012, 135, 140-145. [CrossRef]

Jadhav, R.; Anal, A K. Experimental Investigation on Biochemical, Microbial and Sensory Properties of Nile Tilapia (Oreochromis
niloticus) Treated with Moringa (Moringa oleifera) Leaves Powder. J. Food Sci. Technol. 2018, 55, 3647-3656. [CrossRef] [PubMed]
Gao, M,; Feng, L.; Jiang, T.; Zhu, J.; Fu, L.; Yuan, D.; Li, J. The Use of Rosemary Extract in Combination with Nisin to Extend the
Shelf Life of Pompano (Trachinotus ovatus) Fillet during Chilled Storage. Food Control 2014, 37, 1-8. [CrossRef]

Raeisi, S.; Quek, S.Y.; Ojagh, S.M.; Alishahi, A.R. Effects of Cumin (C Uminum cyminum L.) Seed and Wild Mint (M Entha longifolia
L.) Leaf Extracts on the Shelf Life and Quality of Rainbow Trout (O Ncorhynchus mykiss) Fillets Stored at 4C & 1. J. Food Saf. 2016,
36, 271-281. [CrossRef]

Anon Effect of Some Natural Extracts On Shelf Life of Chilled Lucioperca Lucioperca Fillets. In Proceedings of the 5th International
Conference on Food, Agricultural and Biological Sciences, Bangkok, Thailand, 25-26 December 2016.

Yazgan, H.; Burgut, A.; Durmus, M.; Kosker, A.R. The Impacts of Water and Ethanolic Extracts of Propolis on Vacuum Packaged
Sardine Fillets Inoculated with Morganella Psychrotolerans during Chilly Storage. J. Food Saf. 2020, 40, e12767. [CrossRef]
Cottica, S.M.; Sawaya, A.C.H.E,; Eberlin, M.N.; Franco, S.L.; Zeoula, L.M.; Visentainer, ].V. Antioxidant Activity and Composition
of Propolis Obtained by Different Methods of Extraction. J. Braz. Chem. Soc. 2011, 22, 929-935. [CrossRef]

Houicher, A.; Kuley, E.; Ozogul, F.; Bendeddouche, B. Effect of Natural Extracts (Mentha spicata L. and Artemisia campestris) on
Biogenic Amine Formation of Sardine Vacuum-Packed and Refrigerated (Sardina pilchardus) Fillets. ]. Food Process. Preserv. 2015,
39, 2393-2403. [CrossRef]

Miranda, ].M.; Carrera, M.; Pastén, A.; Vega-Galvez, A.; Barros-Velazquez, J.; Aubourg, S.P. The Impact of Quinoa (Chenopodium
quinoa Willd.) Ethanolic Extracts in the Icing Medium on Quality Loss of Atlantic Chub Mackerel (Scomber colias) under Chilling
Storage. Eur. J. Lipid Sci. Technol. 2018, 120, 1-8. [CrossRef]


http://doi.org/10.1111/j.1750-3841.2012.02672.x
http://doi.org/10.1080/10498850.2013.841785
http://doi.org/10.1111/jfpp.13298
http://doi.org/10.1080/10408398.2018.1495613
http://www.ncbi.nlm.nih.gov/pubmed/30580554
http://doi.org/10.4315/0362-028X-63.2.244
http://www.ncbi.nlm.nih.gov/pubmed/10678431
http://doi.org/10.1016/j.lwt.2018.03.073
http://doi.org/10.1007/s00217-005-0042-x
http://doi.org/10.1016/j.lwt.2012.02.014
http://doi.org/10.1016/j.foodcont.2011.11.021
http://doi.org/10.4315/0362-028X-68.4.778
http://www.ncbi.nlm.nih.gov/pubmed/15830670
http://doi.org/10.1111/j.1365-2621.1967.tb01286.x
http://doi.org/10.1016/j.ifset.2016.01.001
http://doi.org/10.1016/j.foodchem.2005.03.040
http://doi.org/10.1007/s00217-005-0182-z
http://doi.org/10.1007/s13197-016-2331-8
http://www.ncbi.nlm.nih.gov/pubmed/28017980
http://doi.org/10.1016/j.foodcont.2014.05.047
http://doi.org/10.1016/j.tifs.2015.06.007
http://doi.org/10.1016/j.fm.2018.10.006
http://doi.org/10.1016/j.foodchem.2012.04.115
http://doi.org/10.1007/s13197-018-3293-9
http://www.ncbi.nlm.nih.gov/pubmed/30150824
http://doi.org/10.1016/j.foodcont.2013.09.010
http://doi.org/10.1111/jfs.12240
http://doi.org/10.1111/jfs.12767
http://doi.org/10.1590/S0103-50532011000500016
http://doi.org/10.1111/jfpp.12489
http://doi.org/10.1002/ejlt.201800280

Foods 2021, 10, 2300 28 of 28

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Speranza, B.; Bevilacqua, A.; Conte, A.; Del Nobile, M.A.; Sinigaglia, M.; Corbo, M.R. Use of Desirability Approach to Predict the
Inhibition of Pseudomonas Fluorescens, Shewanella Putrefaciens and Photobacterium Phosphoreum in Fish Fillets Through
Natural Antimicrobials and Modified Atmosphere Packaging. Food Bioprocess Technol. 2013, 6, 2319-2330. [CrossRef]

Ozogul, Y.; Ayas, D.; Yazgan, H.; Ozogul, F.; Boga, E.K.; Ozyurt, G. The Capability of Rosemary Extract in Preventing Oxidation
of Fish Lipid. Int. J. Food Sci. Technol. 2010, 45, 1717-1723. [CrossRef]

Sun Pan, B. Analysis of EPA and DHA and Distinction between Fish Oils and Concentrates. Lipid Technol. 2012, 24, 178-180.
[CrossRef]

Messina, C.M.; Bono, G.; Renda, G.; La Barbera, L.; Santulli, A. Effect of Natural Antioxidants and Modified Atmosphere
Packaging in Preventing Lipid Oxidation and Increasing the Shelf-Life of Common Dolphinfish (Coryphaena hippurus) Fillets.
LWT-Food Sci. Technol. 2015, 62, 271-277. [CrossRef]

Nirmal, N.P.,; Benjakul, S. Retardation of Quality Changes of Pacific White Shrimp by Green Tea Extract Treatment and Modified
Atmosphere Packaging during Refrigerated Storage. Int. J. Food Microbiol. 2011, 149, 247-253. [CrossRef] [PubMed]

Shinde, P.A.; Patange, S.B. Quality of Indian Mackerel as Affected by Pomegranate Peel and Tea Leaf Extracts during Ice Storage.
SAARC J. Agric. 2015, 13, 109-122. [CrossRef]

Wang, Y.; Xu, Z.; Bach, S.J.; McAllister, T.A. Sensitivity of Escherichia Coli to Seaweed (Ascophyllum nodosum) Phlorotannins and
Terrestrial Tannins. Asian-Australas. . Anim. Sci. 2009, 22, 238-245. [CrossRef]

Amorim, RD.N.D.S.; Rodrigues, ].A.G.; Holanda, M.L.; Quinderé, A.L.G.; de Paula, R.C.M.; Melo, VM.M.; Benevides, N.M.B.
Antimicrobial Effect of a Crude Sulfated Polysaccharide from the Red Seaweed Gracilaria Ornata. Braz. Arch. Biol. Technol. 2012,
55,171-181. [CrossRef]

Oucif, H.; Miranda, ].M.; Mehidi, S.A.; Abi-Ayad, S.M.E.A.; Barros-Velazquez, J.; Aubourg, S.P. Effectiveness of a Combined
Ethanol-Aqueous Extract of Alga Cystoseira Compressa for the Quality Enhancement of a Chilled Fatty Fish Species. Eur. Food
Res. Technol. 2018, 244, 291-299. [CrossRef]

Ribeiro, I.S.; Shirahigue, L.D.; Ferraz De Arruda Sucasas, L.; Anbe, L.; Da Cruz, P.G.; Gallo, C.R.; Carpes, S.T.; Marques, M.].;
Oetterer, M. Shelf Life and Quality Study of Minced Tilapia with Nori and Hijiki Seaweeds as Natural Additives. Sci. World |.
2014, 2014, 485287. [CrossRef]

Yarnpakdee, S.; Benjakul, S.; Senphan, T. Antioxidant Activity of the Extracts from Freshwater Macroalgae (Cladophora glomerata)
Grown in Northern Thailand and Its Preventive Effect against Lipid Oxidation of Refrigerated Eastern Little Tuna Slice. Turk. J.
Fish. Aquat. Sci. 2019, 19, 209-219. [CrossRef]

Kirkholt, E.M.; Dikiy, A.; Shumilina, E. Changes in the Composition of Atlantic Salmon upon the Brown Seaweed (Saccharina
latissima) Treatment. Foods 2019, 8, 625. [CrossRef]

Huss, H.H.; Jeppesen, V.E,; Johansen, C.; Gram, L. Biopreservation of Fish Products—A Review of Recent Approaches and Results.
J. Aquat. Food Prod. Technol. 1995, 4, 5-26. [CrossRef]

Johnson, EM.; Jung, D.Y.G; Jin, D.Y.Y,; Jayabalan, D.R.; Yang, D.S.H.; Suh, ].W. Bacteriocins as Food Preservatives: Challenges
and Emerging Horizons. Crit. Rev. Food Sci. Nutr. 2018, 58, 2743-2767. [CrossRef] [PubMed]

Cao, R; Liu, Q.; Chen, S.; Yang, X.; Li, L. Application of Lactic Acid Bacteria (LAB) in Freshness Keeping of Tilapia Fillets as
Sashimi. J. Ocean Univ. China 2015, 14, 675-680. [CrossRef]

Anacarso, I.; Messi, P.; Condo, C.; Iseppi, R.; Bondi, M.; Sabia, C.; de Niederhdusern, S. A Bacteriocin-like Substance Produced
from Lactobacillus Pentosus 39 Is a Natural Antagonist for the Control of Aeromonas Hydrophila and Listeria Monocytogenes in
Fresh Salmon Fillets. LWT-Food Sci. Technol. 2014, 55, 604—611. [CrossRef]

Sarika, A.R.; Lipton, A.P; Aishwarya, M.S.; Dhivya, R.S. Efficacy of Bacteriocin of Enterococcus Faecalis CD1 as a Biopreservative
for High Value Marine Fish Reef Cod (Epinephelus diacanthus) under Different Storage Conditions. J. Microbiol. Biotechnol. Res.
2011, 1, 18-24.

Soltani, S.; Hammami, R.; Cotter, P.D.; Rebuffat, S.; Said, L.B.; Gaudreau, H.; Bédard, F.; Biron, E.; Drider, D.; Fliss, I. Bacteriocins
as a New Generation of Antimicrobials: Toxicity Aspects and Regulations. FEMS Microbiol. Rev. 2021, 45, fuaa039. [CrossRef]
[PubMed]

Laulund, S.; Wind, A.; Derkx, PM.E,; Zuliani, V. Regulatory and Safety Requirements for Food Cultures. Microorganisms 2017,
5, 28. [CrossRef]


http://doi.org/10.1007/s11947-012-0889-3
http://doi.org/10.1111/j.1365-2621.2010.02326.x
http://doi.org/10.1002/lite.201200215
http://doi.org/10.1016/j.lwt.2015.01.029
http://doi.org/10.1016/j.ijfoodmicro.2011.07.002
http://www.ncbi.nlm.nih.gov/pubmed/21798614
http://doi.org/10.3329/sja.v13i1.24185
http://doi.org/10.5713/ajas.2009.80213
http://doi.org/10.1590/S1516-89132012000200001
http://doi.org/10.1007/s00217-017-2955-6
http://doi.org/10.1155/2014/485287
http://doi.org/10.4194/1303-2712-v19_3_04
http://doi.org/10.3390/foods8120625
http://doi.org/10.1300/J030v04n02_02
http://doi.org/10.1080/10408398.2017.1340870
http://www.ncbi.nlm.nih.gov/pubmed/28880573
http://doi.org/10.1007/s11802-015-2682-1
http://doi.org/10.1016/j.lwt.2013.10.012
http://doi.org/10.1093/femsre/fuaa039
http://www.ncbi.nlm.nih.gov/pubmed/32876664
http://doi.org/10.3390/microorganisms5020028

	Introduction 
	Chemical Methodologies for Shelf-Life Extension 
	Conventional Packaging: Vacuum-Packaging and Modified Atmosphere Packaging 
	Active Packaging 
	Chemical Additives 
	Organic Acids 
	Ozone 

	Natural Extracts 
	Extracts from Plants 
	Extracts from Algae 
	Latic Acid Bacteria and Bacteriocins 


	Conclusions 
	References

