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Abstract: This study assessed the potential for natural anti-microbials to control Listeria
monocytogenes in vacuum packed beef burgers. Minimum inhibitory and bactericidal
concentration (MIC and MBC) results for natural anti-microbials (carvacrol; essential oils
of thyme, rosemary, clove and cinnamon; hop extract; cranberry extract; cranberry pomace;
propolis extract; and chitosan sourced from both shrimp and mushroom) were used to
select agents (n = 6) showing the most promise against L. monocytogenes. These agents,
including chitosan from shrimp and mushroom (a novel source), and cranberry extract,
were then tested against L. monocytogenes in vacuum packed beef burgers during chilled
storage (3 £ 1 °C, 16 days). Following storage (16 d), the number of L. monocytogenes in
beef burgers treated with chitosan (2.5%), regardless of source, was significantly lower
(p < 0.05) (1.2 to 1.6 log1gCFU g~ !) than in the control samples, while smaller reductions
(0.51og1p CFU g~1; p < 0.05) were noted in samples with cranberry extract (0.625%). While
chitosan had no significant impact on HunterLab colour measurements during chilled
storage, cranberry extract significantly impacted the colour (p < 0.05), resulting in lower L*,
a*, and b* values. Observational assessment of colour, odour and the overall quality of the
raw meat on opening the pack found that beef burgers with added chitosan (both sources)
were acceptable, while those with added cranberry extract received an overall quality
score of approximately 5.4, which is above the acceptability threshold (5/10). Overall, the
study showed the potential of chitosan to control L. monocytogenes in beef burgers, and the
advantage of this agent sourced from mushrooms is discussed.

Keywords: natural anti-microbials; beef burgers; Listeria monocytogenes; beef burger quality;
mushroom chitosan; shrimp chitosan; carvacrol; cranberry extract; thyme essential oil;
hop extract

1. Introduction

Listeria monocytogenes is a psychotropic pathogen, which is considered a ubiquitous
microorganism occurring in natural, urban and farm environments [1,2], and has been
detected in soil, water, sewage, plants, animals, decaying vegetation, human and animal
faeces [3-7]. It can survive and grow at a wide range of temperatures, from —0.4 °C to
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45°C[8], a pH from 4.7 to 9.2 [9] and can survive at high salt concentrations [9]. It thus
poses a potential food safety risk as it can survive and potentially grow in chilled foods.

L. monocytogenes has been isolated from several fresh and processed food prod-
ucts [9,10], including meat and meat products [8,11,12]. There is potential for cross contam-
ination of meat with L. monocytogenes during slaughter and dressing operations, with the
hides of bovine animals recognised as a significant source of contamination [11,13,14]. Fur-
thermore, for ready-to-eat meat products, cross contamination can occur during processing,
transportation, storage, at retail, or during consumer handling [15]. A study carried out by
Khen et al. [11] reported that 29% of raw ground beef products on sale at the retail level in
Ireland were contaminated with L. monocytogenes at a level of 100-200 colony forming units
per gram (CFU g~ 1) (2-2.3 logjg CFU g~ !). Moreover, it is well recognised that the con-
sumption of beef burgers rare or undercooked, a widely reported consumer practice [16,17],
increases the risk of illness from products contaminated with any pathogen.

This pathogen can cause invasive listeriosis, especially in infants, elderly people,
pregnant and immunocompromised persons, which can lead to meningitis, encephalitis
and/or septicaemia, among other infections [8,9]. Several outbreaks of listeriosis related to
the consumption of meat products have been reported throughout the years. The biggest
outbreak of L. monocytogenes was recorded in South Africa in 2017 and was connected to
the consumption of a RTE meat product [18,19], whilst a multi-country outbreak in Europe
between 2017 and 2019 was also related to the consumption of ready-to-eat (RTE) meat
products [20]. All these characteristics make L. monocytogenes an important pathogen for
the meat industry, and its control is extremely challenging [9].

To ensure the safety of meat products, several preservation methods, such as drying,
thermal processing, irradiation, freezing, refrigeration and modified atmosphere packaging
or the addition of anti-microbial agents, can be applied [21,22]. However, some of these
approaches are not suitable for fresh or processed beef products [23]. Due to the ability
of L. monocytogenes to grow at chilled temperatures and its facultative anaerobic nature,
respectively [9], the addition of an anti-microbial agent is a useful option to support product
safety. Equally, consumers are now demanding food products that are considered ‘clean
label” and free of chemical preservatives [24-26]. As a result, food industries are adapting
meat product formulations to address the expectations of consumers by adding natural anti-
microbials in order to ensure safety and extend shelf-life, while also maintaining quality
and sensory attributes. Such agents can be added to the product during processing, or they
can be incorporated into the packaging material. The origin of natural anti-microbial agents
varies and includes essential oils and plant extracts, organic acids, flavonoids, bacteriocins
or compounds derived from animals [27]. Some of these anti-microbial agents have already
been studied regarding their efficacy against foodborne pathogens and spoilage bacteria
in vitro, but also in vivo by being added to meat products or incorporated into packaging
films and coatings. For instance, essential oils, including thyme, clove, cinnamon and rose-
mary, or compounds from essential oils, such as carvacrol, have exhibited anti-microbial
activity against L. monocytogenes [28-34]. Moreover, similar activity against L. monocytogenes
has been observed in studies when plant and fruit extracts such as hop extract, cranberry
extract and cranberry pomace have been used [35-39]. Two other agents that have proved
to be effective against L. monocytogenes are propolis extract and chitosan [40—42]. Chi-
tosan, in particular, has shown promising results by exhibiting high anti-microbial activity
against other foodborne pathogens in in vitro studies [43—48] and when added to meat
products [44,48-50].

The addition of natural anti-microbials to meat products may, however, have adverse
effects on their physical, chemical and organoleptic properties. Colour, texture, lipid oxida-
tion, changes in the pH, production of off-flavours and off-odours and altered sensorial
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profiles are some parameters that might be impacted [51-54] and have to be evaluated
after the use of natural anti-microbials, whilst the selection of the right concentration is
critical [51-55]. Hence, more studies are needed to test the efficacy of those anti-microbial
agents against L. monocytogenes and how they influence attributes of quality when they are
added to meat products, such as burgers stored at low temperature.

This study tested the potential use of several natural anti-microbials in vitro and
in vivo against a commonly found foodborne pathogen in meat products. In particular,
it focused on compounds, not well investigated for this type of application, including
chitosan from mushroom, cranberry extract and hop extract.

The aim of this study was to study the efficacy of several natural anti-microbial agents
against L. monocytogenes, including their impact on some key quality characteristics in
vacuum packaged beef burgers stored at refrigeration temperature (3 £ 1 °C). Initially,
a broad group of agents, including essential oils, plant extracts and their compounds
(carvacrol; essential oils of thyme, rosemary, clove and cinnamon; and hop extract), agents
rich in flavonoids (cranberry extract; cranberry pomace; and propolis extract) and chitosan
sourced from both shrimp and mushroom, were screened for activity by determining the
minimum inhibitory and bactericidal concentrations of the natural anti-microbial agents
against several strains of L. monocytogenes under different conditions of growth. Then,
the most promising agents were evaluated in beef burgers against a cocktail of strains of
L. monocytogenes during vacuum packed chilled storage. At the same time, pH, colour
parameters, lipid oxidation, visual colour and odour of the beef burgers on opening the
pack were also assessed.

2. Materials and Methods
2.1. Anti-Microbial Agents

Agents examined included carvacrol (>98%), thyme essential oil, rosemary essential
oil, clove essential 0il, cinnamon essential oil and chitosan (origin: shrimp, low molecular
weight (50-190 KDa), 75-85% deacetylated) (Sigma Aldrich, Arklow, Co Wicklow, Ireland);
Beta Bio 40 hop extract (40% b-acids in propylene glycol; brown, clear liquid), (Hopsteiner,
Mainburg, Germany); organic propolis extract (Honeygreen S.A.U., Valencia, Spain); mush-
room chitosan (Chitoly® AB) from Agaricus bisporus (low molecular weight (45 KDa), 98%
deacetylated), (Handary S.A. Brussels, Belgium) pure cranberry (Vaccinium macrocarpon)
extract with 22.5% proanthocyanidin content (BL-DMAC method) and cranberry pomace
(Artemis International, Fort Wayne, IN, USA).

2.2. Bacterial Strains and Preparation of Inoculum

The anti-microbial activity of all the above agents was tested against five strains of
Listeria monocytogenes (L. monocytogenes NCTC 11994, L. monocytogenes EGD-e, L. monocyto-
genes Scott A, L. monocytogenes 2081 (mushroom industry isolate, Teagasc culture collection),
L. monocytogenes 3104 (Teagasc culture collection)) individually. All bacterial cultures
were stored on protected storage beads at —80 °C with 80% glycerol. They were resusci-
tated by streaking a bead onto Tryptone Soya Agar (TSA, Oxoid-ThermoFisher Scientific,
Basingstoke, UK). The plates were incubated for 24 h, and then one colony from each strain
was transferred in 10 mL Tryptic Soy Broth (TSB, Oxoid-ThermoFisher Scientific, UK) and
incubated at 37 °C for 18 h without shaking.

2.3. Minimum Inhibitory and Bactericidal Concentrations

The minimum inhibitory concentrations (MICs) and minimum bactericidal concen-
trations (MBCs) of the anti-microbial agents under different conditions (optimum temper-
ature (T = 37 °C) and neutral pH (pH =7.3), optimum temperature (T = 37 °C) and low
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pH (pH = 4.5), low temperature (T = 4 °C) and neutral pH (pH = 7.3), low temperature
(T =4 °C) and low pH (pH = 4.5) were determined using micro-broth dilution assays.

Some of the anti-microbial agents selected required specific preparations before being
used for the determination of minimum inhibitory and bactericidal concentrations. Specifi-
cally, the Beta Bio 40 hop extract was stored at 4 °C in the dark. A stock solution of 1% w/v
was made with sterile distilled water prior to usage [35]. Propolis extract was dis-solved in
50% ethanol before usage [40], whilst for chitosan, from both sources, stock solutions of
2% w/v were made by dissolving them in a 1% v/v glacial acetic acid solution and stirred
overnight at room temperature [56,57].

The MIC method used was as described by Rivas et al. [58], whilst some modifications
were made for the determination of MIC of propolis extract. In brief, the anti-microbial
agents were added to the growth medium (TSB) with 0.05% bacteriological agar (Oxoid-
ThermoFisher Scientific, UK). Bacteriological agar was added for stabilizing the solution
of TSB with the anti-microbial agents [59]. For the determination of MIC at low pH, the
pH of the TSB with 0.05% bacteriological agar was adjusted to pH 4.5 using 0.5 M HCL.
Polypropylene microtiter plates with 96 wells (Eppendorf® Microplate 96 /U-PP, 96 wells,
Sigma Aldrich, Gillingham, UK) were used for the assay. The anti-microbial agents were
diluted in two-fold manner across the rows so that each well contained 100 uL of anti-
microbial agent in TSB with 0.05% agar.

Cultures of L. monocytogenes were diluted to 10°~10” CFU mL~! in TSB with 0.05%
agar, and 100 pL of culture was added to each well. At least two control wells were included
in all assays, consisting of the culture of L. monocytogenes in TSB with agar but without any
anti-microbial agent added. For propolis extract where 50% ethanol was used, the control
also included 10 pL of 50% ethanol. Finally, at least one well was included in each plate as
a blank containing TSB with 0.05% agar.

For propolis extract, 90 uL of diluted strains of L. monocytogenes and 10 uL of the
propolis extract that was dissolved in 50% ethanol were added in the wells of the micro-
plate to have a final concentration of 0.02-1% w/v [40].

The microplates were incubated for 18 h at 37 °C or 4 °C, depending on the condition
tested. Measurement of Asgs of each well was recorded using a microtiter plate reader
(Multiskan FC Microplate Photometer, ThermoFisher Scientific, Dublin, Ireland). The MIC
was defined as the lowest concentration of the anti-microbial agent in the last well in which
growth of L. monocytogenes was not detected following incubation [58].

For the determination of the minimum bactericidal concentrations (MBCs), the method
outlined by Dygico et al. [60], with some modifications, was followed. By using a 96-pin
replicator, 2 puL from each of the wells of the MIC microplates in which no growth was
observed were transferred into a new 96-well plate containing 200 uL of Dey/Engley
neutralizing broth (Merck Life Science UK Limited (Millipore), Gillingham, UK). The
microplates were incubated at 37 °C for 24 h. MBC was defined as the lowest concentration
of the anti-microbial agent in the last well where a change in colour of the broth was not
observed, representing no growth [60]. All assays were repeated 3 times.

The concentration ranges tested for both MIC and MBC determination were as follows:
0.002-1% w/v for chitosan from both sources, 0.000195-0.2% v /v for carvacrol, 0.002-1%
v/v for thyme EO, 0.016-8% v /v for rosemary EO, 0.004-2% v/v for clove EO and cinnamon
EO, 0.04-20% w /v for cranberry extract, 0.02-10% w/v for cranberry pomace, 0.000098-0.4%
v/v for hop extract and 0.02-1% w/v for propolis extract.

2.4. Addition of Natural Anti-Microbials to Beef Burgers (Impact on Survival of L. monocytogenes)

Fresh lean beef meat (approximately 2% fat) (silverside primal cut) and beef fat were
obtained from a local beef slaughter plant. The beef meat and beef fat were coarsely minced
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through the 16 mm plate of a meat grinder (Heavy Duty Buffalo Meat Grinder CD400,
Buffalo, UK). Then they were stored at —18 °C and thawed at 5 °C on the pre-trial day. The
fat content of the meat was tested by Proximate analysis [61], and the amount of fat to be
added to burgers was then calculated in order to yield beef burgers with approximately
20% fat.

The anti-microbial agents with the most promising results in the MIC study were
added to beef burgers at different concentrations that were equal or higher to the MIC that
was determined. More specifically, chitosan from both sources was added at 0.313%, 0.625%,
1.25% and 2.5%; cranberry extract at 0.625%, 1.25% and 2.5%; carvacrol at 0.1%, 0.2% and
0.4%; thyme EO at 0.125%, 0.25% and 0.5%; and hop extract at 0.1%, 0.2% and 0.4%.

Cultures of the five strains of L. monocytogenes were incubated at 37 °C for 18 h without
shaking. Subsequently, the cultures were centrifuged at 5000 rpm for 10 min at 4 °C.
The supernatant was discarded, and the pellet was washed and resuspended with 10 mL
Phosphate-Buffered Saline (PBS) (Oxoid-ThermoFisher Scientific, UK). All strains were
combined into a single tube, and then the cocktail of L. monocytogenes was added to minced
meat to yield a concentration of approximately 3.8 logjg CFU g~ 1.

The ground beef meat, the fat, the anti-microbial agent and the cocktail of L. mono-
cytogenes were manually mixed in a sterile aluminium tray and then passed through the
5 mm plate of the grinder. The control samples were prepared using the same procedure,
but without the addition of the anti-microbial agent. Inoculated ground meat (160 g) was
shaped into burgers (10 cm diameter, 2 cm thickness) using a burger press (Buffalo manual
hamburger machine, Buffalo, UK). The burgers were placed in PA-PE-EVOH bags (O,
transmission: 2 cm®/m? /24 h) (Versatile Packaging Ltd., Co Monaghan, Ireland), vacuum
packaged (99% vacuum) (Eco Pack, Ecovac, Italy) and stored at 3 &= 1 °C for 16 days.

Microbiological analysis of the burgers was conducted on days 0, 4, 8, 12 and 16 of
storage. Each day, two burgers were analysed, and 25 g from each burger was transferred
aseptically in a stomacher bag (Separator 400 Blender Bag, Grade, UK) and homogenized
with 225 mL Maximum Recovery Diluent (MRD) (Oxoid-ThermoFisher Scientific, UK) for
60 sec in a lab blender (BagMixer 400 P, Interscience, France) at room temperature. The
population of L. monocytogenes was determined by serial dilutions in MRD and plating
onto Listeria Selective Agar (Oxford Formulation) (Oxoid-ThermoFisher Scientific, UK)
followed by incubation at 37 °C for 24-48 h. An overlay method was also used to facilitate
the recovery of any stressed and injured cells that might be present. The samples were
serially diluted in MRD and then plated onto TSA. The TSA plates were incubated at 30 °C
for 2 h to allow injured cells of L. monocytogenes to resuscitate, and then a layer of selective
agar (Oxford Formulation) was poured on top of the recovered cells. The plates were
then further incubated at 37 °C for 24-48 h. The injury ratio was calculated by using the
following equation [62]:

Injury ratio (%) = [1 — (Noxrorn/Nrsa)] x 100

where Ntgp (CFU g’l) was the counts in the nonselective medium overlaid with the
selective agar; Noxrorp (CFU g’l) was the counts in the selective medium.

The experiments were conducted twice (n =2 x 2), and the data were analysed as
described below.

2.5. Addition of Natural Anti-Microbials to Beef Burgers (Physicochemical Analysis and
Observational Study on Visual Colour and Odour)

The anti-microbial agents that exhibited the best results against L. monocytogenes in
beef burgers were added at the highest concentrations tested to the burgers. Then, the
burgers with the natural anti-microbials, as well as the control samples, were placed in
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PA-PE-EVOH bags, and they were vacuum packaged (99% vacuum) and stored at 3 + 1 °C
for 16 days. For all analyses below, two uninoculated burgers were tested on days 0, 8 and
16 of chilled storage.

The pH of the burgers was measured with a pH meter (FiveGo pH meter F2, Mettler
Toledo, Switzerland), with a glass electrode that was placed directly into the burger. The
pH meter was first calibrated using buffer solutions at pH 7 and pH 4. The pH of each
burger was measured at two different locations within them.

The colour parameters of the burgers were assessed through the packaging using a
HunterLab UltraScan Pro (Hunter Associates Laboratory, Inc., Reston, VA, USA) dual beam
xenon flash spectrometer, with a viewing port of 25.54 mm and illuminant D65, 10°. L*
(lightness/darkness), a* (redness/greenness) and b* (yellowness/blueness) were measured
at three different locations of the burger. The colourimeter was calibrated before use with a
white tile covered with the same packaging film as the burgers.

Lipid oxidation in beef burgers was determined using the Thiobarbituric acid reactive
substances (TBARSs) method, as described by Moran et al. [63], with some modifications.
Briefly, approximately 3 g of burger on each day of sampling was weighed in duplicate and
homogenized with 20 mL MilliQ water using an IKA T25 digital Ultra-Turrax homogenizer
(IKA, Staufen, Germany) at 13,500 rpm for 30 s. Then, 5 mL of 25% trichloroacetic acid
(TCA) solution was added, the tubes were mixed and they were left at 4 °C for 15 min.
Afterwards, they were centrifuged at 3500 rpm for 30 min. The following steps were
conducted according to the protocol of Moran et al. [63]. Regarding the samples with
cranberry extract, a blank with 3.5 mL from the filtrate and 1.5 mL MilliQ water was used
in order to remove any interference in the absorbance caused by the natural red colour
of the sample. The absorbance was measured in duplicate for each sample on a UV-Vis
Spectrophotometer (Jenway 6300, Cole-Palmer Ltd., St Neots, UK) at 532 nm. Standard
malondialdehyde (MDA) working solutions were made to create a standard curve based
on the method described by Maraschiello et al. [64]. The results were expressed in mg of
malondialdehyde (MDA) per kg of burger.

Observational studies on visual colour, off-odour, overall odour and overall quality of
the raw beef burgers were conducted in the laboratory by a team of four trained panellists.
The panellists were trained by the Sensory Scientists at Teagasc, Ashtown, and carried out
the observational study on the raw meat based on the protocols and scoring sheets of the
American Meat Science Association Standards for sensory analysis [65]. The colour was
assessed before opening the package using the scale below: 1 = bright purple-red; 2 = dull
purple-red; 3 = slightly brownish-red; 4 = moderately brownish-red; 5 = brown; 6 = dark
purple. After opening the packaging of the burger, the odour attributes (off-odour and
overall odour) were assessed on a scale of 1 (none) to 8 (very strong). The overall quality
of beef burgers was assessed using a 10-point quality scale from 1 (reject) to 10 (match),
with scores < 5 to be considered as unacceptable [66]. The same procedure for visual
colour, odour, and overall quality was repeated 30 min after opening the package [67].The
experiments were repeated three times with two technical replications (n = 3 x 2).

2.6. Statistical Analysis

The impact of chitosan from both sources and cranberry extract on the survival of
Listeria monocytogenes in beef burgers was analysed using a three-way analysis of variance
(ANOVA), while a two-way ANOVA was applied to the data from carvacrol, thyme EO
and hop extract. In both cases, comparison of means was performed using Tukey’s HSD
test. The data on the impact of natural anti-microbials on pH, colour, lipid oxidation
(TBARS), visual colour, off-odour, overall odour and overall quality were analysed using a
two-way ANOVA, and Tukey’s HSD test was used for post hoc comparisons. All tests were
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performed with RStudio (Version 2023.12.1+402, Posit Software, Boston, MA, USA), and
statistical significance was defined as p < 0.05. The detection limit for the determination
of L. monocytogenes in beef burgers was 1 logjg CFU g~ 1. When samples had counts lower
than the detection limit, an arbitrary value equal to half of the detection limit was used for
the final calculations of bacterial populations [68].

3. Results

3.1. Minimum Inhibitory and Bactericidal Concentrations of Natural Anti-Microbials Against
L. monocytogenes

The MIC and MBC for all anti-microbial agents tested against the five strains of
L. monocytogenes are presented in Table S1 in the Supplementary Materials. The pH (4.5,
7.3) and temperature (4 °C, 37 °C) had a significant impact on results. No growth was
observed after 18 h at 4 &= 1 °C or when the bacteria were added in the medium with a low
pH (4.5). As a result, the determination of the MIC under these conditions was not possible.
Moreover, in some cases, the MBC was out of the range of the concentrations studied, and
determination was not possible.

The activity of all tested agents against L. monocytogenes varied depending on the
concentration used and environmental conditions, with some inter-strain differences and
variability reported. Under optimum conditions of 37 °C and pH 7.3, chitosan, whether
from shrimp or mushroom, had a similar MIC (0.016-0.031%), while MBC varied from
0.031% to 0.125% depending on the strain. Under the same conditions of growth, cranberry
extract had an MIC of 0.625% with no variability between the strains and MBC at the level
of 1.25-5%. Meanwhile, the MIC of carvacrol ranged from 0.05% to 0.1%, and the MBC was
steady at 0.1%. For hop extract, the MIC under optimal growing conditions was the lowest
among the agents tested (0.001-0.003%), whilst the MBC varied from 0.2% to concentrations
higher than 0.4%.

3.2. Impact of Natural Anti-Microbials Added to Beef Burgers on the Survival of L. monocytogenes

Following the initial MIC and MBC study, the activity of selected anti-microbial agents
(n = 6) against L. monocytogenes inoculated into beef burgers was assessed. The selection
criteria for the agents was based on the MIC of the compounds, their potential impact on
the organoleptic properties of the beef burgers and the innovative characteristics of the
agents tested. The agents chosen were carvacrol, thyme EO, hop extract, cranberry extract
and chitosan from both sources. The concentration selected for carvacrol, thyme EO and
cranberry extract was based on the MIC. Three concentrations were tested, the minimum
inhibitory concentration and two higher concentrations, two times the MIC value and
four times the MIC. The concentrations of hop extract selected were much higher than
the MIC because initial studies at concentration ranges of 1x MIC—4x MIC showed no
anti-microbial effect against L. monocytogenes. Thus, concentrations of 0.1%, 0.2% and 0.4%
were selected, as having been shown effective in other studies [36]. Regarding chitosan
from both sources, the concentrations that were chosen were also higher than the MIC at
0.313%, 0.625%, 1.25% and 2.5%. Chitosan from crustaceans has previously been used at
concentrations of 0.4-1% in meat products to control L. monocytogenes [41,42,50]. However,
it was not known whether chitosan from mushrooms would have a similar impact at that
concentration range (0.4-1%). Additionally, the recommended dosage of chitosan from
mushroom was up to 2%, but the exact concentration and efficacy depend on the specific
product, and its effectiveness against L. monocytogenes in beef burgers at this concentration
was unknown. Therefore, a wider range of concentrations (0.313-2.5%) were applied, and
it was decided that the same concentrations should also be used for chitosan from shrimp.
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Furthermore, both types of chitosan were dissolved into 1% acetic acid for the MIC
and MBC study, while they were incorporated as a dry powder into the meat.

The impact of natural anti-microbials added to beef burgers on the survival of
L. monocytogenes is presented in Tables 1 and 2 below.

At the highest concentration used, chitosan from both sources, cranberry extract and
carvacrol, showed increasing anti-microbial activity in beef burgers over storage, reaching
their highest effectiveness by day 12 at 3 °C. Particularly, chitosan from both sources exhib-
ited the highest bactericidal activity against L. monocytogenes in beef burgers compared to
the other anti-microbial agents studied when the concentration was increased to 2.5%. After
16 days of storage, the number of L. monocytogenes in beef burgers treated with chitosan
(2.5%), regardless of source, was significantly lower (p < 0.05) (1.2 to 1.6 log;o CFU g~ !,
overlay method) than in the control samples. The injury level of cells was also high,
with approximately 60% injury being noted after 16 days of chilled storage. Additionally,
on day 16 of refrigerated storage, chitosan from mushroom demonstrated significantly
higher anti-microbial activity (p < 0.05) at all tested concentrations compared to chitosan
from shrimp.

Table 1. Impact of different concentrations of natural anti-microbial agents on L. monocytogenes (direct
plating method) in vacuum packed beef burgers during chilled storage.

L. monocytogenes Counts (logyg CFU g~1) on Storage Day *

Anti-Microbial

Concentration

Agent (%) od 44d 8d 12d 16d
0 3.78 4 0.10 <Al 3.79 + 0.05 dAl 3.70 & 0.05 9A1 3.61 + 0.21 9Al 3.61 & 0.23 dAl
Chitosan 0.313 3.59 4+ 0.11beABl 360 +0.06Bl 350 £ 0.07<dABl 337 4 0 15dABl 334 4 (.12 ¢Al
(Shrimp) 0.625 3.49 + (.11 abBl 347 +£012°B12 3344 0.07°ABl 3284 0.07°ABl 313 +0.08 <Al
1.25 3.39 + (.05 abC1 3.05 + 0.18 bBl 2.85+ 0.10bABl 284 4 022 bABl 52 4 (013 bAL
25 3.24 +0.16 a1 2.70 £ .18 @B1 2.12 £ 0.15 241 2.15 £ 0.17 Al 2.12 £ 0.15 241
0 3.72 + 0.03 bBl 3.75 + 0.07 9B1 3.66 + 0.08 9AB1 358 4 .04 4ABl 342 4 (.03 9Al
Chitosan 0.313 3.40 + 0.14 2B2 3.38 £ (.09 B2 322 +£0.084B2 316+ 0.15AB2 299 4 (.12 A2
(Mushroom) 0.625 3.23 + 0.08 a2 329 +0.03b<Cl 309 4+ 0.06BC2 279 4+ 0.20PAB2 287 + (.06 A2
1.25 3.22 +0.15 1 3.10 £ 0.21 b1 2.75 =+ 0.06 bBl 2.61 +£023bAB2 547 4 (22 bAl
25 3.19 + 0.16 2P1 2.66 + 0.16 a1 2.00 + 0.35 B! 1.50 + 0.34 2A2 1.52 + 0.35 2A2
0 3.63 £ 0.04 aAl 3.69 =+ 0.08 bAl 3.69 =+ 0.05 bAl 3.59 =+ 0.05 cAl 3.68 =+ 0.09 bAl
Cranberry 0.625 3.65 £ 0.11 2B! 3.57 4 0.14 PB2 3.59 £ 0.05PB3 324 +0.173A1 3,17 £ 0.053A1
extract 1.25 3.64 + 0.04 2B2 347 +£0.133PB2 351 4 0.093PB2 3404 0.13bB3 3,09 4+ 0.21 2A2
25 349 £0.1632 3244 0212ABC2 332 4+ (0233AB2 3154 (.152AB3 37 +(0.212A3
0 3.71 £ 0.06 <A 3.67 £+ 0.09 A 3.70 £ 0.13 A 3.54 + 0.33bA 3.49 +0.13bA
Carvactol 0.1 3.60 & 0.08 beA 3.57 + .13 beA 3.54 + 0.09 beA 3.42 +0.20bA 3414 0.21bA
0.2 339 +0.14 bA 3.40 & 0.06 bA 3.35 + 0.09 bA 3.37 +0.18bA 3.29 +0.03 bA
0.4 3.06 +0.11 34 2.99 + (.06 24 294 4+ (.14 24 2.92 +0.053A 2.86 + 0.07 24
0 3.74 £+ 0.02 34 3.78 4+ 0.07 24 3.76 4+ 0.02 24 3.70 4+ 0.04 2A 3.63 + 0.07 bA
Thyme EO 0.125 3.76 + 0.05 a4 3.73 +0.07 24 3.71 4+ 0.03 37 3.68 &+ 0.07 A 357 +0.10 abA
0.25 3.74 + 0.06 2B 3.70 + 0.05 2B 3.60 + 0.05 2AB 3.56 + 0.04 2AB 3.42 + (.06 2bA
0.5 3.73 4+ 0.06 3B 3.65 + 0.07 aB 3.57 + 0.07 2AB 3.53 £ 0.11 2AB 3.36 4+ 0.123A
0 3.77 +0.03 24 3.75 + 0.06 24 3.78 + 0.05 a4 3.68 £ 0.19 A 3,55 + (.18 @A
Hop extract 0.1 3.80 &+ 0.02 2B 3.76 + 0.06 2B 3.78 + 0.05 2B 3.68 &+ 0.08 2AB 3.48 4+ 0.203A
0.2 3.76 + 0.07 24 3.78 4+ 0.07 @A 3.76 + 0.08 24 3.71 + 0.04 24 3.72 + 0.07 24
0.4 3.71 + 0.06 24 357 +0.12234 3.69 & 0.03 24 3.56 + 0.15 24 3.52 +0.2024

* Mean values + SD. Within the same day of storage for each anti-microbial agent, means with different lowercase
letters (a—d) are significantly different (p < 0.05). Means in the same row with different capital letters (A-D) are
significantly different (p < 0.05). Within the same day of storage and at the same concentration for chitosan from
shrimp, chitosan from mushroom and cranberry extract, means with different numbers (1-3) are significantly
different (p < 0.05).
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Table 2. Impact of different concentrations of natural anti-microbial agents on L. monocytogenes (over-
lay method, allowing injured cell recovery) in vacuum packed beef burgers during chilled storage.

L. monocytogenes Counts (logjg CFU g—1) on Storage Day *

Anti-Microbial Concentration 0d 4d 8d 124 16 d
Agent (%)
0 3.84 + (.07 bAl 3.77 + 0.04 dAl 3.71 4 0.04 9A1 3.64 + 0.16 941 3.67 £ 0.19 Al
Chitosan 0.313 3.52 £ 0.14 Al 352 +0.09dAl 352 4 .09 cdAl 3.25 £ (.10 <Al 3.27 + 0.15bAl
(Shrimp) 0.625 345+£0.09%1  336+£016°B1  328+0.09°AB1  322+0174B1 313+ 0.06 Al
P 1.25 3.30 + 0.10 aB! 2.91 4+ 0.21 bAl 2.83 + 0.07 bAl 2.80 & 0.16 bA? 2.66 + 0.17 aAl
2.5 3.24 + 0.09 aP1 2.59 + (.19 a1 2.04 + 0.26 aB1 1.46 + 1.11 3Al 246 + 0.31 31
0 3.71 & 0.07 bBl 3.77 £ 0.109ABl 367 4 0.039ABl 360 4 0.059AB1 342 4 (.05 9AL
Chitosan 0.313 3.41 + 0.10 21 3.36 + 0.07BC1 315+ 0.09¢ABC2 308 £ 0.07 <ABl 3,01 £ (.13 A2
Mush 0.625 3.28 + 0.06 2B! 3.16 £ 0.03bBl 303 +0.11bABl 274 4 (.21 bA2 2.75 £ 0.11 A2
(Mushroom) 1.25 3.24 +0.12 a1 3.02 + 0.02 bBC1 2.79 + 0.10 bB1 2.45 + (.05 bA2 2.38 + (.17 bB2
25 3.18 £ 0.21 aP1 2.59 £ 0.15 a1 2.01 £ 0.23 aB! < 1.00 aB2 1.87 + 0.35 aA2
0 3.79 + 0.08 2A1 3.72 + 0.07 aAl 3.74 + 0.04 2A1 3.65 & 0.06 Al 3.68 & 0.09 bAl
Cranberry 0.625 3.77 £ 0.04 B2 3.64 +0.01 B2 3.59 + 0.08 B2 327 £0.143A1 322 £0.113AL
extract 1.25 3.66 + 0.04 2B2 3.63 + 0.04 2B2 3554 0.043B2 346+ 0.163PAB3 327 + (.24 243
2.5 3.57 + 0.10 aB2 344 +0.103AB2 346 4 (.18 aAB2 3.26 +0.143A3 329 4 (.08 AAB3
0 3.80 &+ 0.04 <A 3.80 + 0.03 <A 3.714+0.17bA 3.69 + 0.23 bA 3.55 + (.13 bA
Carvacrol 0.1 3.74 4+ .07 bea 3.71 4 0.04 bea 3.61 £ 0.07bA 3.52 +0.23bA 3.53 + 018 bA
0.2 3.51 & 0.02 abA 3.49 + 0.07 bA 3.48 +0.12bA 341 +0.18bA 3.49 +0.13bA
0.4 3.33 +£0.112B 3.18 £+ 0.13 2AB 3.00 £ 0.17 24 295+ 0.132A 2.94 +0.09 24
0 3.81 +0.03 34 3.78 4+ 0.05 24 3.77 + 0.06 a4 3.73 £ 0.04 A 3.68 +0.11 24
Th EO 0.125 3.81 + 0.05 34 3.78 + 0.07 34 3.76 & 0.06 34 3.69 + 0.07 A 3.61 & 0.09 aA
yme 0.25 3.76 + 0.03 3B 37740033 371 +003%AB 361+ 0053AB 342 40,09
0.5 3.74 + 0.03 2B 3.69 £ 0.09 aAB 3.61 & 0.04 2AB 3.61 £ 0.07 aAB 341 +0.123A
0 3.82 +0.0534 3.74 +0.04 24 3.82 4+ 0.04 24 3.76 + 0.152A 3.63 & 0.20 abA
Hop extract 0.1 3.81 + 0.052B 3.84 +0.05 2B 3.79 + 0.06 2B 3.69 & 0.04 2AB 347 4+ 0.2224
0.2 3.79 £ 0.04 24 3.77 4+ 0.04 2A 3.80 + 0.05 24 3.77 £ 0.03 24 3.77 + 0.06 bA
0.4 3.83 +0.072A 3.80 + 0.03 24 3.76 4+ 0.03 24 3.74 +0.102A 3.74 4+ (.15 abA

* Mean values + SD. Within the same day of storage for each anti-microbial agent, means with different lowercase
letters (a—d) are significantly different (p < 0.05). Means in the same row with different capital letters (A-D) are
significantly different (p < 0.05). Within the same day of storage and within the same concentration for chitosan
from shrimp, chitosan from mushroom and cranberry extract, means with different numbers (1-3) are significantly
different (p < 0.05).

After 16 days of storage, smaller reductions (p < 0.05) of approximately 0.5 logjg CFU g~ !
and 0.6 logg CFU g’l (overlay method) were reported in samples with cranberry extract
(0.625%) and carvacrol (0.4%), respectively, compared to the control. The highest levels
of injury noted were 36% in beef burgers with cranberry extract (1.25%) at the end of
storage, while carvacrol (0.4%) resulted in 46% injured cells on day 0. Minimal impact
on L. monocytogenes was noted after the addition of thyme EO to the beef burgers, with
0.5% thyme EO resulting in a lower population (p > 0.05) by 0.27 log;9 CFU g~! (overlay
method) in comparison to the control samples at the end of storage period. An injured cell
level of 23% was noted at mid-storage in burgers with 0.25% thyme EO. Finally, hop extract
did not show any anti-microbial effect against L. monocytogenes at any concentration tested.
The level of injured cells recovered highlights the importance of using the overlay method,
which facilitated their recovery.

3.3. Impact of Natural Anti-Microbials on the Quality Attributes of Beef Burgers

The effect on quality parameters of the best performing agents from the initial study,
chitosan from either source, cranberry extract and carvacrol, which exhibited the highest
anti-listerial activity in beef burgers, was also studied.
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Table 3 shows that the pH of the beef burger was significantly impacted by the addition
of the anti-microbial agent. The addition of chitosan (both sources) resulted in a significantly
higher pH (p < 0.05) on days 0, 8 and 16 compared to the control. Beef burgers with the
added cranberry extract (2.5%) had a significantly lower pH (p < 0.05) on days 0, 8 and
16 compared to the control, whereas carvacrol had no impact on pH.

Table 3. Impact of natural anti-microbial agents on the pH of vacuum packed beef burgers during
chilled storage.

Treatment Storage Day
od 8d 16 d
Control 5.68 +0.02PB1 565+ 0.03 PAB 5.58 + 0.09 bA

Chitosan (Shrimp) (2.5%) 6554+ 0.09® 657 +0.08 B 6.40 4+ 0.07 <A
Chitosan (Mushroom) (2.5%)  6.62 + 0.04 <B 6.68 + 0.02 B 6.49 +0.12 A
Cranberry extract (2.5%) 5314+ 0.0224 527 +0.022A 5224 0.11234
Carvacrol (0.4%) 5.66 + 0.02PA 565+ 0.03 P4 5.60 + 0.09 bA

! Within the same day of storage, means with different lowercase letters (a—c) are significantly different (p < 0.05).
Means in the same row with different capital letters (A,B) are significantly different (p < 0.05).

The impact of natural anti-microbials on the colour parameters (L*, a*, b*) of beef
burgers as measured by the HunterLab colourimeter is presented in Table 4. The most
significant impact on colour was noted in samples with added cranberry extract, with a
significantly lower (p < 0.05) L* and b* values observed at all times points (0, 8 and 16 d)
in comparison with the control and other tested agents. Additionally, a* values were
significantly lower (p < 0.05) at the end of chilled storage. Chitosan, irrespective of source,
had no significant impact (p > 0.05) on the L* values of burgers, while the a* and b* values
were significantly lower (p < 0.05) than the control only on day 0 of chilled storage. The
addition of carvacrol to the burgers had minimal impact on their colour parameters, with
L* values being significantly higher (p < 0.05) than those of the untreated burgers on days
8 and 16 of storage.

The level of lipid oxidation (TBARS) was low (<1 mg MDA kg1) for all samples
irrespective of treatment throughout the chilled storage.

The results of the observed visual colour and odour assessment of the beef burgers
on opening the pack and 30 min later are presented in Tables 5 and 6, with the effect sizes
(m?) listed in Tables S2 and S3 in the Supplementary Materials. As observed in the colour
analysis with the Hunterlab colourimeter, the panel also scored the samples with cranberry
extract as significantly different (p < 0.05) from the control and other agents, having a dark
purple colour at all time points examined. The results were similar on opening and 30 min
later. The strong and significant impact of anti-microbial agents on visual colour, as shown
in Tables S2 and S3, was only due to the samples with cranberry extract. Excluding these
samples results in a non-significant effect (p > 0.05) of the agents on the visual colour of
the burgers.
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Table 4. Impact of natural anti-microbial agents on the colour parameters L* (lightness/darkness),
a* (redness/greenness) and b* (yellowness/blueness) of vacuum packed beef burgers during
chilled storage.

Colour Treatment Storage Day
0od 8d 16 d
Control 46.30 +1.93bA1 46.63 4 0.19 bA 46.20 4 2.28 bA
Chitosan (Shrimp) (2.5%) 4521 + 1.16 b4 48.71 + 2.46 b<B 49.04 + 3.32 beB

L* Chitosan (Mushroom) (2.5%)
Cranberry extract (2.5%)

45.63 + 2.44 bA
31.25 + 0.71 24

46.48 +1.04bA
33.09 + 1.58 aAB

46.53 4+ 1.18 beA
33.83 + 0.64 2B

Carvacrol (0.4%) 47.82 +1.51bA 49.66 4 1.82 <A 49.39 4 2.28 <A

Control 11.81 +3.32bA 10.91 + 0.31 24 10.76 + 0.84 bA

Chitosan (Shrimp) (2.5%) 8.67 + 0.36 24 9.33 + 0.58 24 9.98 + 1.21 abA

a* Chitosan (Mushroom) (2.5%) 9.05 + 0.53 24 9.89 + 0.512A 10.42 + 0.57 2bA
Cranberry extract (2.5%) 9.20 + 0.73 24 9.02 +0.18 24 8.64 4 0.57 A
Carvacrol (0.4%) 10.30 + 2.12 @A 10.41 4 0.38 2A 10.32 4 1 2bA

Control 14.40 + 2.07 <B 11.90 4 0.21 PA 11.98 4 0.81 PA

Chitosan (Shrimp) (2.5%)
b* Chitosan (Mushroom) (2.5%)
Cranberry extract (2.5%)

Carvacrol (0.4%)

12.80 + 0.87 PA
12.65 4+ 1.42 A
0.00 + 0.30 24
14.44 +1.01 A

13.36 4+ 1.14 PA
12.46 4+ 0.51 PA
0.25 + 0.33 24
13.10 4 0.85 A

13.46 + 1.46 PA
12.95 + 0.60 PA
0.74 £ 0.19 2B
13.56 + 0.83 bA

! Within the same day of storage for each colour parameter, means with different lowercase letters (a—c) are
significantly different (p < 0.05). Means in the same row with different capital letters (A,B) are significantly
different (p < 0.05).

After 16 days storage, in general, no off-odours were observed, except for the samples
with chitosan from shrimp, where there was a trace of off-odour reported. In terms of the
overall odour of the burgers, substantial variation was observed between the panellists.
The addition of 0.4% carvacrol to burgers led to a moderate—-definite odour. None of the
other anti-microbials tested produced an odour that differed significantly compared to
control samples. The overall quality scores of the burgers were strongly influenced by the
natural anti-microbial agent used (1> = 0.35, p < 0.0001). The ratings for the control and
burgers with chitosan from either source were acceptable during the chilled storage, while
beef burgers with added cranberry extract and carvacrol scored above 5 on the 10-point
scale but had significantly lower scores (p < 0.05) compared to the control throughout the
storage period.



Microorganisms 2025, 13, 910 12 of 26

Table 5. Impact of natural anti-microbial agents on visual colour, off-odour, overall dour and overall
quality of vacuum packed beef burgers during chilled storage (at 0 min after opening the packaging).

Attribute Treatment Storage Day
0d 8d 16 d
Control 3.152B1 2.08 37 2.58 aAB
[2.69-3.61] [1.66-2.5] [2.16-3]
. . o 3.202A 2.58 aA 2.833A
Chitosan (Shrimp) (2.5%) [2.74-3.66] [2.16-3] [2.41-3.25]
aB aA aAB
Visual colour 2 Chitosan (Mushroom) (2.5%) [2?;55)3 7] 2 585—2 92] [22 2791_3 13]
5,05 bA gbA gbA
Cranberry extract (2.5%) [5.49-6] 6 [5.58-6] 6 [5.58-6] 6
o 3.252B 2.383A 2.88 3AB
Carvacrol (0-4%) [2.79-3.71] [1.96-2.79] [2.46-3.29]
Control 1.252A 1.632A 1.63 abA
[1-1.58] © [1.33-1.92] [1.33-1.92]
. . o 1.32A 1.29 2A 2bB
Chitosan (Shrimp) (2.5%) [1-1.63] 6 [1-1.59] 6 [1.7-2.3]
aA aA abA
Off-odour Chitosan (Mushroom) (2.5%) [112';?1 88] [11-%959] 6 [1lit€1 76]
o 1.452A 1.29 A 1.21 24
Cranberry extract (2.5%) [1.12-1.78] [1-159] 5 [1-1.51] 5
o 1.52A 1.2534 1.33 234
Carvacrol (0.4%) [1.17-1.83] [1-1.55] © [1.03-1.63]
Control 3.5523A 3.79 aA 4,04 37
[2.61-4.49] [2.94-4.65] [3.19-4.9]
. . o 3.3523A 4.04 2bA 4.17 2A
Chitosan (Shrimp) (2.5%) [2.41-4.29] [3.19-4.9] [3.31-5.02]
4 3.6 aA 4 aA 4.42 aA
Overall odour Chitosan (Mushroom) (2.5%) 2 6'6_ 454] [3.14-4.86] 3 5 6-5.27]
o 5.1 abA 4.67 abA 42137
Cranberry extract (2.5%) [4.16-6.04] [3.81-5.52] [3.35-5.06]
o 5.6 A 5.71bA 5.29 aA
Carvacrol (0.4%) [4.66-6.54] [4.85-6.56] [4.44-6.15]
Control 7.15 bA 7.21bA 7.17 bA
[6.66-7.64] [6.76-7.66] [6.72-7.62]
. . o 7.01 bA 7.46 bA 6.71 A
Chitosan (Shrimp) (2.5%) [6.61-7.59] [7.01-7.91] [6.26-7.16]
bA bA bA
Overall quality ° i % 7.3 7.5 742
dHaty Chitosan (Mushroom) (2.5%) [6.81-7.79] [7.05-7.95] [6.97-7.87]
o 5.353A 5.42 aA 5.42 a7
Cranberry extract (2.5%) [4.86-5.84] [4.97-5.87] [4.97-5.87]
o 5.55 aA 6.04 2A 5.79 A
Carvacrol (0.4%) [5.06-6.04] [5.59-6.49] [5.34-6.24]

1 Mean scores with 95% confidence intervals. Within the same day of storage, for each attribute, mean scores
with different lowercase letters (a,b) are significantly different (p < 0.05). Mean scores in the same row with
different capital letters (A,B) are significantly different (p < 0.05). 2 Visual colour: 1 = Bright purple-red; 2 = Dull
purple-red; 3 = Slightly brownish-red; 4 = Moderately brownish-red; 5 = Brown; 6 = Dark purple. * Off-odour:
1 = None; 2 = Trace, not sure; 3 = Slight; 4 = Mild; 5 = Moderate; 6 = Definite; 7 = Strong; 8 = Very strong. 4 Overall
odour: 1 = None; 2 = Trace, not sure; 3 = Slight; 4 = Mild; 5 = Moderate; 6 = Definite; 7 = Strong; 8 = Very strong.
5 Overall quality: 1, 2 = Reject; 3, 4, 5 = Unacceptable; 6, 7, 8 = Acceptable; 9, 10 = Match. © When the lower
confidence interval falls below the minimum score or the upper confidence interval exceeds the maximum score,
the minimum and maximum scores are included in the interval, respectively.
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Table 6. Impact of natural anti-microbial agents on visual colour, off-odour, overall odour and overall
quality of vacuum packed beef burgers during chilled storage (at 30 min after opening the packaging).

Attribute Treatment Storage Day
0d 8d 16 d
Control 3.154b1 2.253A 242 aAB
[2.66-3.64] [1.81-2.69] [1.97-2.86]
. . o 2.923A 242 3A 2.7523A
Chitosan (Shrimp) (2.5%) [2.41-3.39] [1.97-2.86] [2.31-3.19]
aA aA aA
Visual colour 2 Chitosan (Mushroom) (2.5%) [22?;2?3 34] [ 127'212 65] [128§?2 74]
o 5.8 bA 6bA 5.75 bA
Cranberry extract (2.5%) [5.31-6] ¢ [5.56-6] ¢ [5.31-6] ¢
o 3.22B 2.58 aAB 2.29aA
Carvacrol (0-4%) [2.71-3.69] [2.14-3.03] [1.85-2.74]
Control 1.152A 1.67 2B 1.38 abAB
[1-1.45]© [1.39-1.94] [1.10-1.65]
. . o 1.252A 1.42 aAB 1.75bB
Chitosan (Shrimp) (2.5%) [1-1.55] © [1.14-1.69] [1.47-2.03]
aA aA abA
Off-odour Chitosan (Mushroom) (2.5%) 1 101 70] [116221 61] [1125—1 78]
o 1.252A 1.172A 1aA
Cranberry extract (2.5%) [1-155] 6 [1-1.44] 6 [1-1.28] 6
o 1.552A 1.172A 1.21 abA
Carvacrol (0-4%) [1-1.44] 6 [1-155] 6 [1-149] 6
Control 3.352A 3.96 2A 3.713A
[2.46-4.24] [3.15-4.77] [2.90-4.52]
. . o 3.523A 3.96 A 3.88 24
Chitosan (Shrimp) (2.5%) [2.61-4.39] [3.15-4.77] [3.06-4.69]
aA aA aA
Overall odour 4 Chitosan (Mushroom) (2.5%) [236'2? 4.44] [2392? 4.56] [345'25 14]
o 5 abA 4757 41727
Cranberry extract (2.5%) [4.11-5.89] [3.94-5.56] [3.36-4.98]
o 5.35bA 5.33 34 5aA
Carvacrol (0-4%) [4.46-6.24] [4.52-6.14] [4.19-5.81]
Control 7.3bA 7.25 bA 6.96 °A
[6.84-7.76] [6.83-7.67] [6.54-7.38]
. . o 7.15bAB 7.46 B 6.58 beA
Chitosan (Shrimp) (2.5%) [6.69-7.61] [7.04-7.88] [6.17-7]
. bA bA cA
Overall quality ®  Chitosan (Mushroom) 2.5%) (.72 7796 6717541
o 5.13A 5.46 24 5.67 24
Cranberry extract (2.5%) [4.64-5.56] [5.04-5.88] [5.25-6.08]
o 5.35 A 5.83 A 5.79 abA
Carvacrol (0.4%) [4.89-5.81] [5.42-6.25] [5.37-6.21]

1 Mean scores with 95% confidence intervals. Within the same day of storage, for each attribute, mean scores
with different lowercase letters (a—c) are significantly different (p < 0.05). Mean scores in the same row with
different capital letters (A,B) are significantly different (p < 0.05). ? Visual colour: 1 = Bright purple-red; 2 = Dull
purple-red; 3 = Slightly brownish-red; 4 = Moderately brownish-red; 5 = Brown; 6 = Dark purple. * Off-odour:
1 = None; 2 = Trace, not sure; 3 = Slight; 4 = Mild; 5 = Moderate; 6 = Definite; 7 = Strong; 8 = Very strong. 4 Overall
odour: 1 = None; 2 = Trace, not sure; 3 = Slight; 4 = Mild; 5 = Moderate; 6 = Definite; 7 = Strong; 8 = Very strong.
5 Overall quality: 1, 2 = Reject; 3, 4, 5 = Unacceptable; 6, 7, 8 = Acceptable; 9, 10 = Match. % When the lower
confidence interval falls below the minimum score or the upper confidence interval exceeds the maximum score,
the minimum and maximum scores are included in the interval, respectively.
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4. Discussion

This study examined the anti-microbial activity of a broad range of natural anti-
microbial compounds at various concentrations against L. monocytogenes in beef burgers, as
well as their impact on measured quality attributes. As expected, there was high variability
in results between the different agents and the concentration used.

4.1. Minimum Inhibitory and Bactericidal Concentrations of Natural Anti-Microbials Against
L. monocytogenes

Initially, the anti-listerial activity of several agents (n = 11), including chitosan from
two sources (shrimp and mushroom), a number of essential oils and carvacrol, were
examined. The MIC of chitosan from both sources was from 0.016% to 0.031%. Similar
findings have been reported in the studies of Lamas et al. [69] and He et al. [46], with the
MIC at the range of 0.013% to 0.025% and 0.023%, respectively. When the pH is higher than
the pKa of chitosan (6.3-6.5), its anti-microbial mode of action is based on its chelating
properties, and it involves destabilization and disruption of the cell membrane [70,71]. At
the molecular level, the downregulation of genes involved in RNA and protein synthesis
and the metabolism of carbohydrates, amino acids, nucleotides and nucleic acids, lipids
and coenzymes has also been reported [72].

Cranberry extract also showed good efficacy against L. monocytogenes. The MIC of
the American cranberry extract was 0.625%, a value that is similar to the MIC (0.313% to
0.625%) of swamp cranberry extract reported in the study of Stobnicka and Gniewosz [38].
Although these are two different varieties of cranberries, both contain high amounts of
polyphenols, such anthocyanidins and proanthocyanidins [73-75]. The antibacterial activity
of polyphenols involves several mechanisms, such as biofilm inhibition, inhibition of cell
wall biosynthesis, inactivation of lipopolysaccharides (LPSs), destruction of lipid bilayers,
inhibition of cell membrane functions, pore formation and leakage of intracellular material,
inhibition of enzyme activity, inhibitions of DNA gyrase and inhibition of DNA and RNA
synthesis [76]. Additionally, cranberry extract can disrupt the cell wall and cell membrane,
leading to leakage of cytoplasmic content in Gram-negative and Gram-positive bacteria [77].
At the transcriptional level, upregulation of genes related to cell wall biosynthesis and cell
wall stress has also been reported [78].

Carvacrol, an anti-microbial compound found in oregano and thyme essential oils,
among other oils and plant extracts [79], had an MIC against the five strains of L. morno-
cytogenes between 0.05% and 0.1%. This was in accordance with the MIC (0.02% to 0.1%)
reported by Rivas et al. [58], Veldhuizen et al. [30] and Arioli et al. [80]. For thyme EO, the
MIC (0.125%) was lower than the concentration reported in other studies. According to
Mazzarrino et al. [81], the MIC of thyme EO fluctuated among the strains between 0.25%
and 0.5%, whilst in the studies of Pesavento et al. [82] and Gouveia et al. [34], the MICs
against L. monocytogenes were 0.25% and 0.39%, respectively. Both anti-microbial agents
can destabilize and disrupt the cell membrane, leading to leakage of cellular material and
eventually cell death [83-85].

Hop extract exhibited a low MIC against L. monocytogenes (0.002%), which was similar
to the values determined by Kramer et al. (0.00125% and 0.00032%) [35,36]. The anti-
microbial mechanism of the hop extract 3-acids used in this study involves the inhibition of
the active transport of sugars and amino acids, leading to disruption of cellular respiration,
replication, transcription and translation [86].

4.2. Impact of Natural Anti-Microbials Added to Beef Burgers on the Survival of L. monocytogenes

The addition of chitosan from either source to beef burgers, especially at concentration
levels of 1.25% and 2.5%, led to a strong bactericidal effect against L. monocytogenes, with
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significant reductions (>1 logyg CFU g~ !) compared to the control, observed at the end of
chilled storage (16 d at 3 °C).

There were some differences noted in the activity of chitosan from mushroom and
shrimp, especially at higher concentrations, with chitosan from mushroom exhibiting signif-
icantly higher (p < 0.05) anti-listerial activity at the end of chilled storage. These differences
may be attributed to the fact that chitosan from mushroom had lower molecular weight
and higher degree of deacetylation than chitosan from shrimp, which could contribute to
its higher efficacy against microorganisms [56,87]. Additionally, Chien et al. [88] observed
slightly higher anti-microbial activity of chitosan from mushroom compared to chitosan
from shellfish (crab).

Findings in the literature that are consistent with the anti-listerial activity of
chitosan observed in the current study were reported by Economou et al. [41] and
Antoniadou et al. [42], who dipped beef pieces and ready-to-eat bovine meatballs, re-
spectively, in 1% chitosan solution (crab). Economou et al. [41] reported approximately
1.2 log1o CFU g~ ! lower L. monocytogenes counts for samples stored under vacuum com-
pared to the control at the end of chilled storage, whilst Antoniadou et al. [42] noted a
2.16 log1p CFU g~! difference with the untreated samples after 21 days of storage at 4 °C.

There have been limited studies on the anti-microbial efficacy of chitosan when it
is added directly into meat products without dissolving it into an acidic solution first.
Chitosan can be completely dissolved in aqueous solutions with a pH lower than 6 [89].
In this study, it was applied directly in the burgers without being dissolved in 1% glacial
acetic acid, whilst for the experimental work of MIC and MBC it was dissolved in the
acetic acid solution because the pH of TSB was approximately 7.3. Incili et al. [50] also
assessed the anti-microbial effect that the direct addition of 0.4% chitosan (shrimp) would
have in beef meatballs with 15% fat. L. monocytogenes counts were significantly (p < 0.05)
lower by 1.8 logjg CFU g~! in contrast to untreated meatballs after 10 days at 4 °C. Storage
atmosphere may have an impact on efficacy, and Economou et al. [41] noted higher anti-
listerial activity in the meatball samples stored in aerobic conditions.

The majority of studies to date on chitosan are on crustacean-sourced agents, and this
is the first study to show that the anti-microbial activity of chitosan from mushrooms is
equivalent or performed better when added to beef burgers. This is a significant finding
as chitosan from mushrooms would not be considered to be an allergenic compound in
comparison to chitosan sourced from crustaceans [90]. Additionally, with growing concerns
about the environment, valorisation of by-products from mushroom production to extract
chitosan would contribute to a circular bioeconomy [91]. While this study was limited
to evaluating the impacts on quality attributes, and indeed showed no significant effect,
the next step would be to validate that the eating quality of beef burgers is not negatively
impacted by chitosan from mushrooms, although there is no indication in the literature
suggesting that this would occur [53,92].

Cranberry extract showed significant (p < 0.05) anti-listerial activity at all concentra-
tions tested at the end of storage period. High efficacy against L. monocytogenes has also
been reported in other studies. Qiu and Wu [39] observed a 2.3 log;g CFU g_1 difference in
the population of the pathogen compared to the control at the end of storage at 7 °C when
a high concentration of cranberry concentrate (10%) was added to beef burgers, whilst
Stobnicka and Gniewosz [38] noted a 3 log;y CFU g~ ! reduction after 2 days of chilled
storage in pork burgers containing 2.5% swamp cranberry. The difference in the efficacy
of cranberry extract between our study and the study of Stobnicka and Gniewosz [38]
could be attributed in the concentration of bioactive compounds that contribute to the
anti-microbial activity of cranberry.
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The anti-listerial activity of carvacrol and thyme essential oil in beef burgers was
minimal for most of the concentrations used. The activity of carvacrol was dose-dependent,
with a significantly lower population (p < 0.05) of L. monocytogenes reported at the end of
the storage period when 0.4% carvacrol was used. At the same time, lower concentrations
of 0.1-0.2% (1x MIC-2x MIC) exhibited a minimal anti-listerial effect in beef burgers.
Veldhuizen et al. [30] reported similar results, with no effect being observed when carvacrol
was added to beef steak tartare stored at 10 °C. They also reported lower bactericidal activity
of carvacrol at low temperatures (10 °C). Additionally, L. monocytogenes was completely
eliminated in beef marinated in teriyaki sauce containing 0.5% carvacrol after 7 days of
refrigerated storage [93]. These studies would support the need for the use of higher
concentrations (0.4%) to observe any anti-listerial activity in beef burgers. Generally,
higher concentrations of essential oils and their compounds than the MIC determined
are needed when applied in vivo (i.e., food products) in order to exhibit the same anti-
microbial activity [84]. Hence, the higher concentrations needed in the present study could
also be attributed to the interaction with food components, matrix, and fat and protein
content [30,84].

Thyme EO had minimal impact on the survival of L. monocytogenes in the beef burgers.
A statistically significant (p < 0.05) reduction compared to the control was observed only af-
ter 16 days of storage at 3 °C when added at 0.5%, as determined with the method of direct
plating, which does not detect injured cells. Pesavento et al. [82] also reported bacteriostatic
activity of thyme EO when it was added at a concentration of 0.5% in beef meatballs stored
at low temperature. In the same study, a strong bactericidal effect against L. monocytogenes
was achieved when higher concentrations (1% and 2%) were applied. On the other hand,
when Solomakos et al. [28] added 0.6% thyme EO in minced beef meat, an approximately
3 log1o CFU g~! difference of L. monocytogenes compared to the control after 12 days at 4 °C
was observed. The differences in the findings of the studies could be attributed to the use of
sterile meat from Solomakos et al. [28]. The initial meat microflora might assist L. monocyto-
genes to survive during chilled storage in the presence of 0.5% thyme EO. Furthermore, the
absence of strong anti-listerial activity of thyme EO in the present study might be attributed
to its composition. The EO tested were supplied by a commercial manufacturer (Sigma
Aldrich) and met the company’s specifications; hence, further chemical analysis of the
thyme essential oil was not conducted. It is possible that some variation in its composition
could have potentially influenced its anti-microbial activity.

Despite the fact that the MIC of hop extract against L. monocytogenes was very low,
much higher concentrations of hop extract were added to the burgers. Additionally,
while anti-listerial activity was observed in the in vitro studies, it was not detected in
the in vivo experiments. The findings of the present study did not align with those of
Kramer et al. [35,36], who reported that L. monocytogenes growth in pork with marinade
containing 0.5% hop extract was inhibited [35], and that the application of low concen-
trations (0.04% and 0.08%) of hop extract in bologna sausages exhibited significant anti-
microbial activity against L. monocytogenes [36]. The quantity of fat in the burgers (20%)
may explain the findings of our study; although, Kramer et al. [36] proved that hop extract
is effective in the presence of high fat levels (20% and 26%) but at the same time exhibits its
highest efficacy in low-fat products [35]. Hop f3-acids, which are hydrophobic [94], were
probably dissolved in the fatty phase of the burger, and, as a result, they were not in contact
with the pathogens that were in the aqueous phase [35]. Furthermore, the type of meat
product could also play a major role in the efficacy of hop extract. Comminuted meat
products might not be the ideal product for hop extract to exhibit its anti-microbial activity.
Finally, hop extract was dissolved in water prior to use; thus, the water activity of burgers
was increased with the addition of the extract, and, as it is noted in Kramer et al. [36],
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low water activity favours its anti-listerial activity. In that study by Kramer et al. [36], an
equal quantity of ice was removed from the recipe of bologna sausages when hop extract
was used.

The effectiveness of some natural agents, especially chitosan from both sources, is
comparable to the anti-microbial activity of synthetic preservatives in meat products. For
example, the addition of sodium nitrate and sodium sulphite to minced meat at the maxi-
mum concentrations allowed by legislation resulted in approximately 1.2 log;o CFU g~
lower counts of L. monocytogenes than control samples on day 9 of cold storage [69], which
is lower than the reduction observed with 2.5% chitosan from both sources in the current
study. Additionally, sodium lactate (1.8 and 2.5%) and sodium diacetate (0.1%) reduced
the growth rate of L. monocytogenes in a meat emulsion stored at 5 °C for 30 days [95]. Ac-
cording to Lim and Mustapha [96], 0.5% cetylpyridinium chloride, 0.12% acidified sodium
chlorite and their combination led to similar or higher differences in the population of
the pathogen between treated and control samples in fresh beef on day 14 of storage at
4 °C, compared to those observed in the present study. In contrast, 0.1% potassium sorbate
exhibited limited effectiveness.

4.3. Impact of Natural Anti-Microbials on the Quality Attributes of Beef Burgers

The addition of some of the natural anti-microbial agents influenced the meat pH
throughout storage. pH is a crucial factor for the quality of meat, as it can impact several
attributes, such as microbial spoilage, lipid oxidation, colour and flavour [97-102]. The
pH of the untreated burgers was approximately 5.7. However, the addition of chitosan
from either source increased the pH sharply (p < 0.05) to approximately 6.6 from day 0.
Suman et al. [103], Amoli et al. [104] and Hautrive et al. [105] made similar observations
with higher pH values for ground beef and low-fat beef burgers, respectively, in comparison
to the control. More specifically, in the studies of Amoli et al. [104] and Hautrive et al. [105],
it was noted that the high pH value of the chitosan contributed to the shift in the pH.
Chitosan is produced by deacetylation of chitin using a strong alkali treatment (45% NaOH)
that influences its properties [90,106]. These findings are in contrast with the results of the
study of Chounou and colleagues [53], in which beef burgers with 1% chitosan directly
added to the meat and stored aerobically or with O, scavenger in the packaging at 4 °C
had a similar pH to the control (5.8 to 6.0). Additionally, lower pH values in the course of
storage compared to the control were reported for pork patties coated with chitosan film
and beef dipped in 0.5% chitosan solution and stored aerobically at 4 °C [107,108].

Cranberry extract also affected the pH of the burgers. Cranberry has a naturally
low pH value, which is around 2.6 for the juice [109]. As a result, the pH of burgers
with 2.5% cranberry extract was around 5.31 on day 0, reaching 5.22 at the end of chilled
storage. Higher acidity and lower pH in contrast to the control was noted in the study
of Stobnicka and Gniewosz [38] in which swamp cranberry extract was added to pork
burgers. Additionally, according to Wu et al. [110], 2.5% cranberry concentrate with a pH
of 2.2 reduced the pH of ground beef from 5.6 to 4.9.

The addition of carvacrol to beef burgers had a minimal impact on pH values.
Moon et al. [93] and Hulankova et al. [111] reported the same trend for beef marinated in
sauce with different levels of carvacrol and minced beef with 0.2% oregano essential oil
(EO) containing 72% carvacrol, respectively, during chilled storage.

The impact of chitosan from both sources on the colour attributes of beef burgers was
not significant. Mixed results regarding the effect of chitosan on the colour of meat have
previously been reported in the literature. Higher values of lightness (L*) and yellowness
(b*) were observed throughout the storage of beef dipped in 0.5% chitosan solution, low-fat
burgers with chitosan at different concentrations (0.5-2%) and pork burgers with 0.25-1%
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chitosan by Khan et al. [108], Amoli et al. [104] and Sayas-Barber4 et al. [112], respectively.
The higher lightness that was observed mainly in the samples with chitosan from shrimp,
especially on days 8 and 16, could be attributed to the water binding properties of chitosan
as it traps the water inside the burger [104,113]. Generally, higher water content in meat
products leads to higher reflection and higher L* values [104,114]. Additionally, the whitish-
beige colour of chitosan might affect the b* values, leading to the higher yellowness in
burgers [104,112]. A similar observation was made in the current study, but a slight
increase (p > 0.05) was reported. In contrast, Chounou et al. [53] noted that the lightness
(L*) decreased throughout the storage for the ground meat treated with chitosan (1%) in
contrast to the control samples. It is noted that the method of colour evaluation differed
significantly between the two studies. Chounou et al. [53] measured the colour parameters
30 min after the package with the ground meat was opened, whilst in the current study the
assessment was performed through the packaging directly after the burgers were removed
from chilled storage. According to the studies of Sayas-Barbera et al. [112], Amoli et al. [104]
and Darmadji and Izumimoto [115], the addition of chitosan improved the red colour (a*)
in pork burgers, low-fat beef burgers and minced beef, respectively. On the contrary,
Khan et al. [108] observed significantly lower values of redness (p < 0.05) in beef coated
with chitosan. In our study, an increase of redness for the samples treated with chitosan
from both sources and decrease for the control in the course of storage was observed;
however, at the end of storage, the a* value was still higher for the control compared to
the other samples. The use of vacuum packaging in our study might have influenced
the impact of chitosan on redness, as reported in the study of Suman et al. [103], where
no significantly higher a* values (p > 0.05) were observed between beef patties with 1%
chitosan and control samples under vacuum after 5 days at 1 °C.

Cranberry extract caused significant changes in the colour of burgers. Lightness,
redness and yellowness were significantly lower (p < 0.05) in the course of chilled storage
compared to the control due to the dark-purple colour of the burgers. The impact of
cranberry on the colour properties of ground meat or prime cuts has not been studied
extensively in the literature, presumably because its effect is clear. When it was added
in other types of processed meat products, such as frankfurters, it led to a darker colour
internally and externally [52].

In the majority of cases, the colour of burgers was not heavily affected by the addition
of 0.4% carvacrol. Other studies support this finding, with Moon et al. [93] reporting no
significant impact (p > 0.05) on L*, a* and b* values of meat over the storage period by
the addition of 0.3% and 0.5% carvacrol to beef marinade. Nevertheless, according to
Hulankova et al. [111], oregano EO negatively influenced the colour, with substantially
higher (p < 0.05) lightness, redness and yellowness throughout refrigerated storage.

Lipid oxidation in meat products is an indicator of spoilage, with the development of
off-odours, off-flavours and changes in colour and texture [116]. According to the literature,
the minimum level of detection of rancidity in meat products that leads to rejection of the
product varies, and values of 0.5 mg MDA kg~! meat, 1 mg MDA kg~ ! meat and 2 mg
MDA kg~ ! meat have been reported [117-119]. Moreover, the threshold seems to be higher,
at the level of 2 mg MDA kg~!, in beef than in pork products [119]. All burgers studied
were below that limit for the 16 days of storage at 3 °C.

Chitosan exhibits anti-oxidant properties [120,121] apart from anti-microbial ones [122];
thus, it was expected that lipid oxidation in the samples treated with 2.5% chitosan from
either source would be remarkably lower compared to the control in the course of chilled
storage. Nevertheless, the positive impact of chitosan from either source on lipid oxidation
in burgers was not evident. TBARS values were lower than the control, but not significantly
(p > 0.05). The lipid oxidation in untreated beef burgers stored under vacuum was not at
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a high level, and it was always below the rejection threshold during the chilled storage.
As a result, the addition of chitosan did not make a big difference. This was observed
in the study of Duran et al. [123], in which beef coated with 2% chitosan solution was
vacuum packed and stored at 4 °C for 45 days. Only at day 15 of chilled storage was there
a significant difference (p < 0.05) in lipid oxidation between treated and control samples. In
contrast, Suman et al. [103] reported significantly lower (p < 0.05) TBARS values for ground
beef with 1% chitosan in contrast to the control at day 0 and day 3 of storage at 1 °C under
vacuum. The vacuum packaging retards the oxidation of lipids because it removes the
oxygen from the packaging, which is needed for the chemical reaction [124]. According to
findings from other research groups [53,54,104,107,108,115], the use of chitosan in the form
of a coating or film or by direct addition of it to meat products was an effective solution to
reduce lipid oxidation when they were stored in aerobic conditions. On the other hand,
Hautrive et al. [105] did not observe a significant difference (p > 0.05) in lipid oxidation
between burgers with 4% chitosan and control samples during frozen storage.

Cranberry’s anti-oxidant properties [75] make it an ideal agent to inhibit lipid oxidation
in processed meat products. Lower levels of oxidation for burgers with 2.5% cranberry
during storage at 3 °C were reported. Similar results were reported from Lee et al. [125]. In
that study, various phenolic compounds extracted from cranberry concentrate juice powder
inhibited lipid oxidation in cooked ground pork (30% fat) by 22% to 81% throughout
cold storage.

Carvacrol proved to be an effective method to inhibit lipid oxidation in beef burgers
by decreasing significantly (p < 0.05) the level of lipid oxidation at day 0, whilst main-
taining that low level during storage. Carvacrol and essential oils and their components
generally possess anti-oxidant properties [126]. Bellés et al. [127] noted reduced oxida-
tion levels in lamb burgers with 0.03% and 0.1% carvacrol in comparison to the control
throughout storage. These findings were not confirmed by Moon et al. [93], who did not
observe a significant impact (p > 0.05) on limiting lipid oxidation in marinated beef during
refrigerated storage.

The Instrumental analysis of quality attributes was supported by an observational
visual colour and odour assessment of the raw burgers by four panellists. No significant
differences (p > 0.05) in the colour, off-odour, overall odour and overall quality in contrast
to the control samples were reported for the samples prepared with chitosan, regardless
of source. Control burgers and burgers with either chitosan were acceptable during the
16 days of chilled storage. The positive impact of chitosan on the sensory properties of meat
products has been extensively described in the literature, with the sensory attributes of
different meat products treated with chitosan (coating, film, direct addition) maintained for
longer periods over the course of storage compared to controls [53,54,107,112]. Moreover,
panellists were not able to distinguish pork loins treated with chitosan solution (1%) packed
under vacuum from untreated samples in a triangle test until day 14 of chilled storage [128].
Nevertheless, Hautrive et al. [105] reported a negative impact of high concentrations of
chitosan (4%) on the colour, aroma and overall acceptability of beef burgers when it was
used as fat replacer.

The beef burgers with cranberry extract (2.5%) had a dark-purple colour, and no
off-odours were observed, whilst the overall odour was not significantly different (p > 0.05)
compared to the control. The overall quality of the burgers was marginally above the
minimum threshold, and it was significantly lower (p < 0.05) than the untreated burgers
throughout chilled storage. In other studies where sensory analysis in cooked pork and
beef burgers with 2.5% cranberry was performed, slightly better odour, colour and overall
acceptability of the product was reported [38,110]. Therefore, a future sensory study with
cooked burgers might also provide similar findings.
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The addition of 0.4% carvacrol to burgers clearly negatively impacted the odour
and the overall quality of the burgers. Mixed results were noted in the study of
Hulankova et al. [111] with raw and cooked burgers containing 0.2% oregano EO (72%
carvacrol). The burgers had better scores than the control samples in the full course of
storage, but they were above the acceptability threshold only for the first 6 days of it.

5. Conclusions

L. monocytogenes is a common pathogen found on beef carcases and meat, and it
is well recognised that if beef burgers are consumed rare or undercooked the risk from
the pathogen in the final product is increased. Hence, the meat industry must focus on
supporting product safety as well as messaging about safe cooking practices. At the
same time, consumers demand ‘clean label’ products free of synthetic preservatives, and
food industries try to fulfil their expectations. As shown in the present study, the use of
natural anti-microbials could be a natural alternative to enhance the safety of beef burgers
stored under vacuum at chilled storage. Determination of the concentration needed to
achieve a noteworthy microbial reduction in the beef burgers must be balanced against
any negative impact on the organoleptic properties of the product. Chitosan, regardless of
source, demonstrated good potential for the control of L. monocytogenes in meat products.
The use of chitosan from mushroom also meets the green and circular bioeconomy agenda,
being a valorised by-product from mushroom production. It also avoids the potential risk
of allergenicity, associated with chitosan from the shells of crustaceans. Further research
is warranted with a full eating quality assessment, impact on other pathogenic bacteria,
shelf-life, and application to different types of meat products, including RTE meats.
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