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Abstract: We studied the efficacy of different formulations of polyphenol extracts (mainly containing
hydroxytyrosol and tyrosol) from olive mill vegetation water on the microflora on the surfaces of game
meat cuts with high or low initial bacterial loads. Meat with a high microbial load (>5 Log cfu/g;
mean value = 6.83 + 0.45 standard deviation) was immersed for 10 or 60 sec into 25% and 10%
solutions of microencapsulated freeze-dried and non-encapsulated polyphenolic extracts. Aerobic
colony, Enterobacteriaceae, Pseudomonas spp., and lactic acid bacteria counts were determined on
treated samples compared to controls after 7 days of storage (in vacuum-packed conditions at +3 °C).
Significant differences were registered only for aerobic colony count for a 10% liquid extract treatment
(0.64 log reduction). In contrast, the dipping or immersion of game meat with low initial microbial
loads (<5 Log cfu/g; mean value = 3.58 £ 0.72 standard deviation) in 10% solutions of the polyphenol
extracts effectuated significant reductions in all bacteria counts (p < 0.002) at 7 and 14 days of storage
for different extracts, independently from the application methods. The use of the extracts to inhibit
bacterial growth in game meat should only be considered if a good hygienic baseline is guaranteed.
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1. Introduction

The interest in natural preservatives in meat and meat product manufacturing has
increased, especially regarding those derived from food industry by-products [1]. Because
of their antioxidant and anti-inflammatory qualities, polyphenols are plant secondary
metabolites that are increasingly being utilized in food, beverages, and innovative cosmetic
formulations [2,3]. They are also employed in nutraceutical supplements [4]. Furthermore,
in the last decade, numerous studies have described the effects of polyphenols obtained
from plant extracts on foodborne pathogens and spoilage bacteria [5-8], both in vitro and
in meat models. A few studies have also reported on the antimicrobial effects of specific
polyphenols, preventing bacterial growth when directly applied to fresh meat or added to
minced meat preparations [9,10]. Furthermore, the synergistic or antagonistic interactions
of phenolic compounds with multiple other chemicals may influence the antibacterial
properties of plant extracts [11]. Polyphenols are also evaluated after being mixed with
other molecules or adsorbed onto coating agents [12,13]. Different polyphenols are present
in olive leaves and fruits, and their amounts change according to geographical localization,
cultivar, and season [14,15]. Although the olive fruit contains a high concentration of
phenolic compounds, only 2% of them are found in the oil phase. The majority are lost in
the solid pomace residue (about 45%; approximately 2-8 g of polyphenols/kg depending
on processing) and the aqueous phase (approximately 53%) [16]. Large amounts of water
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(0.6-1.3 m3/1000 kg of processed olives) are added during the widely used three-phase
extraction systems’ olive oil production process [17], which leads to the production of over
30 million m® of oil mill vegetation water (OMVW) worldwide [18]. OMVW is a dark,
mildly acidic liquid with high conductivity that is obtained from mechanically processing
olives during the production of olive oil and contains a wide range of polyphenols, such
as secroiridoids (oleuropein), simple phenols (hydroxytyrosol; tyrosol, 4-hydroxyphenyl
acetate), phenolic acids (chlorogenic acid; vanillic acid; caffeic acid; p-coumaric acid; ferulic
acid; and verbascoside), and flavones (luteolin, apigenin), in concentrations of 1-10 g /L [18].
Therefore, it can be used for polyphenol extraction.

Polyphenol extracts from olive mill vegetation water (OMVW) have been investigated
for their potential applications and effects, both in vitro [19,20] and in fresh meats, mainly
in pork sausages and beef patties [19,21-23] but also chicken [24,25]. Despite having the
same by-product origin, different compounds can be extracted, with potentially different
antioxidant and antimicrobial activities [26]. Recently, specific preparations obtained from
OMVW containing mainly hydroxytyrosol and tyrosol (without secroiridoids) are available
on the market for application in food production. However, to date, no studies have
reported on the antimicrobial effects of such compounds on game meat.

Due to its ability to meet a growing number of demands from conscious consumers,
hunted wild game meat is becoming more and more popular in the last decades. Consumer
requirements include positive nutritional aspects regarding fat and protein content and
quality [27], the careful consideration of consumer health aspects such as the avoidance of
antibiotics and pharmaceuticals [28], and the ethical treatment of animals during the entire
manufacturing process [29]. Indeed, game meat is sourced from animals free to live in a
natural setting, not reared in intensive farming systems, and not subject to the stress of
live transport or slaughtering [27,29]. Nevertheless, some concerns may arise regarding
the hygiene level and safety of game meat [30]. Game meat is peculiar with respect to
the way that it undergoes a different production process and is more prone to microbial
contamination than meat from slaughtered farm animals [31,32]. This may be due to the
mode of killing, i.e., a more or less accurate shot (e.g., involving the rupture of the gut
or the exposure of damaged parts to the environment); an improperly performed in-field
bleeding and evisceration process; delayed evisceration or a late onset of cooling [33-35].
The level of bacterial contamination is very important for fresh meat as it could affect its
quality. The growth of spoilage microorganisms, together with endogenous enzymes and
oxidation, can degrade various nutrients in meat and generate off-odors and off-flavors,
as well as discoloration and slime, making the meat unfit for human consumption and
generating waste [36]. For these reasons, the chemical antimicrobial treatment of hunted
game carcasses, such as with lactic acid, has been suggested by different authors to be able
to prevent bacterial growth during storage [32,37].

The aim of the study was to define the antimicrobial effect of different formulations
of microencapsulated and non-encapsulated polyphenols obtained from OMVW on fresh
game meat with different levels of contamination. Two series of trials were performed to
assess the effects of the concentration and application method of polyphenolic extracts on
meat hygiene indicators and spoilage microorganisms.

2. Materials and Methods

Two formulations of food-grade OMVW Polyphenolic Extract (PEs) already available
on the market were considered in the trials. One was not encapsulated (in liquid state, LPE;
Stymonphen liquid, Stymon, Patras, Greece; polyphenol content: 50,000 mg/kg; hydroxy-
tyrosol/tyrosol ratio of 5:1 w/w), and one freeze-dried and encapsulated in maltodextrins
(FPE; Stymonphen W50, Stymon, Patras, Greece; polyphenol content: 50,000 mg/kg; hy-
droxytyrosol/tyrosol ratio of 6:1 w/w).

Fresh game meat (mainly from shoulder cuts) from wild boar (Sus scrofa), roe deer
(Capreolus capreolus), and red deer (Cervus elaphus) was obtained from retailers in Austria.
According to their records, the meat was from free-living wild game originating from



Foods 2024, 13, 658

30f10

Austria. The meat was kept vacuum-packaged at 3 £ 1 °C until the start of the trial. The
muscles were cut into cubes measuring 2.5 x 2.5 x 2.5 cm.

Microbial counts were determined to assess the initial microbial loads. To this end,
the samples were placed in sterile bags, and nine parts of Maximum Recovery Diluent
(MRD) (Oxoid, Basingstoke, UK) were added. Homogenization of the sample was achieved
using a Stomacher-type blender (Interscience, St. Nom, France); subsequently, serial tenfold
dilutions were prepared in MRD. Samples were subjected to the following analyses: an
aerobic colony count (ACC) performed according to ISO 4833-1:2013 [38] on Plate Count
Agar (from Merck, Darmstadt, Germany) incubated for 72 h at 30 °C; enterobacteriaceae
count (ENT) determined according to ISO 21528-2:2017 [39] on Violet Red Bile Glucose Agar
(Merck) incubated for 24 h at 37 °C; Pseudomonas spp. (PSE) (Glutamate-Starch—Penicillin
Agar (Merck) with Penicillin G supplement (Sandoz, Kundl, Austria) incubated for 72 h
at 25 °C; and lactic acid bacteria (LAB) (on de Man Rogosa Sharpe Agar (Biolife Italiana,
Milan, Italy) incubated for 48 h at 37 °C. The number of colony-forming units (cfu) per
gram was converted to Log cfu/g. Two experiments were conducted.

2.1. Treatment of Game Meat with Initial High Microbial Loads (Experiment 1)

An initial trial was designed to determine the effect of the two different PEs on game
meat with a high ACC load after 7 days of storage under refrigerated conditions.

The pre-trial microbiological condition (T0) of the meat cubes was determined in
18 samples (6 from wild boar, 6 from red deer, and 6 from roe deer). The average values
were 6.83 Log cfu/g (£0.45 standard deviation—sd) for ACC, 4.48 Log cfu/g (+0.44 sd)
for ENT, 6.66 Log cfu/g (£0.43 sd) for PSE, and 4.44 Log cfu/g (£1.22 sd) for LAB.

The other 45 samples from the same muscles of the same subjects (15 from wild boar,
15 from red deer, and 15 from roe deer) were divided into five groups, with three replicates
each: a control group (C) without any treatment, a group immersed for 1 min in a solution
of 10% LPE (LPE10), a group immersed for 1 min in a solution of 25% LPE (LPE25), a group
immersed for 1 min in a solution of 10% FPE (FPE10), and a group immersed for 1 min in a
solution of 25% FPE (FPE25). After treatment, samples were allowed to dry for 5 min; then,
they were vacuum-packaged (PA/PE film, Combivac90; Felzmann, Linz, Austria), and the
packages were stored in refrigerated conditions (3 &= 1 °C) for 7 days, after which period
the ACC, ENT, PSE, and LAB were determined as described previously.

Statistical analyses were performed using GLM SAS (SAS Institute, Cary, NY, USA) [40].
An ANOVA model was used to evaluate differences between C at TO and T7. Another
ANOVA model included PE formulation (C, LPE, and FPE) and concentration (10% and
25%) as fixed variables without a time effect, since that was available only for the C group.
Animal species were not considered in the model as previous analyses had shown that
species did not have a statistically significant effect. Tukey’s post hoc test was performed to
evaluate the difference of the means. Statistical significance was established at p < 0.05.

2.2. Treatment of Game Meat with Initial Low Microbial Loads (Experiment 2)

A second trial was designed to determine the effect of application methods of 10%
solutions of the two different PEs on game meat with low ACC load.

The microbial loads of 6 samples of wild boar meat were determined before the
treatments (T0).

A total of 45 samples were obtained from the same muscle, and the samples were
randomly assigned to five groups: a control group (C) to which no treatments were applied;
a group immersed for 1 min in a solution of 10% LPE (LPE I); a group dipped for 10 sina
solution of 10% LPE (LPE D); a group immersed for 1 min in a solution of 10% FPE (FPEI);
and a group dipped for 10 s in a solution of 10% FPE (FPED). This trial was replicated three
times. The average values of microbial counts at TO (three replicates) were 3.58 Log cfu/g
(£0.72 sd) for ACC, 1.88 Log cfu/g (£0.54 sd) for ENT, 2.20 Log cfu/g (40.81 sd) for PSE,
and 2.54 Log cfu/g (4-0.72 sd). No differences were detected between replicates.
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Samples were stored under vacuum under refrigerated conditions (3 = 1 °C) for 7, 14,
and 21 after which period, ACC, ENT, PSE and LAB counts were determined.

Statistical analyses were performed using the abovementioned software, and an
ANOVA model was used to evaluate differences between C at TO and T7, T14, and T21 and
between C at TO and PE groups at T7. Furthermore, another ANOVA model was used, with
PE formulation (C, LPE, and FPE), method of application (I and D), and time (7, 14, and
21 days) serving as fixed variables. Replicates were not included as a factor in the model
as no statistical differences were detected. Post hoc Tukey tests were therefore performed
to evaluate the difference of the mean, and the difference was considered to be significant
when p was <0.05.

3. Results
3.1. Treatment of Game Meat with Initial High Microbial Loads (Experiment 1)

In the C samples with high initial microbial loads, an increase in the ACC, ENT, and
LAB was observed during the 7 days of observation. No difference was detected regarding
the PSE counts.

The results obtained after 7 days of storage are reported in Table 1 for ACC, ENT, PSE,
and LAB. For the ACCs, differences were recorded only between C and LPE10 and were
below 1 Log cfu/g (Table 1). No differences were recorded for ENT, PSE, and LAB with
values over 6 Log cfu/g for PSE and LAB and over 4.5 Log cfu/g for ENT.

Table 1. Microbial counts (Log cfu/g) of game meat samples from experiment 1 (high initial ACC
loads) after 7 days of storage.

Group ACC ENT PSE LAB
C 7.84P 512 6.97 7.05
LPE10 7202 4.84 6.53 6.69
LPE25 7.66 3P 491 6.59 6.97
FPE10 7.44 b 477 6.47 6.60
FPE25 7.73ab 4.65 6.62 6.95
SEM 0.140 0.199 0.152 0.166
p value PE 0.010 0.568 0.632 0.266
Concentration 0.082 0.573 0.212 0917
PE x Con 0.328 0.250 0.766 0.456

n =9 per experimental group. ACC = aerobic colony count; ENT = Enterobacteriaceae count; PSE = Pseudomonas
count; LAB = Lactic acid bacteria count; C = control group; LPE10 = 10% solution of liquid polyphenolic extract;
LPE25 = 25% solution of liquid polyphenolic extract; FPE10 = 10% solution of freeze-dried polyphenolic extract;
FPE25 = 25% solution of freeze-dried polyphenolic extract. Different letters in the same column (a,b) describe
difference in the mean values (p < 0.05).

3.2. Treatment of Game Meat with Initial Low Microbial Loads (Experiment 2)

The results regarding the microbial loads of the C samples at TO and T7 reveal an
increase in all the parameters considered except for ENT. Indeed, no differences were
recorded between C0 and FPEs and LPEs after 7 days of storage under vacuum-packaged
and refrigerated conditions (Figure 1).

The statistical analyses performed on the microbial loads (Table 2) showed significant
effects of PE application and time on the microbial growth of all the bacteria populations
considered. No significant difference was detected between the average microbial load
values according to the method used for PE application (immersion or dipping), as the
p values were always over 0.05. Time significantly affected the ACC and LAB microbial
loads independently from the PE type and methods used. Regarding ENT, a significant
increase was registered only between the C and FPE I groups, while for PSE, a significant
difference was only detected between the C with the FPE D group (Table 2).
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Figure 1. Difference of microbial loads (mean and standard error) between C samples before treatment
and C, FPEL, FPE D, LPE I, and LPE D after 7 days of storage (Log cfu/g). Different letters for each
microbial count (a,b) describe differences in the mean values (p < 0.05).

Table 2. Microbial loads (Log cfu/g) of game meat samples from experiment 2 (low initial ACC loads)
after 7, 14, and 21 days of storage.

Group Time ACC ENT PSE LAB
C 7 days 4.653V 2.562 3.29W 4.183W
14 days 6.55 bY 3.31bV 3.71 X 6.07 X
21 days 7.16° 5.33 bY 4.54 6.78 P
FPEI 7 days 3.53aVW 147 148V 3.51aVW
14 days 5.90 PXY 147 W 1.65Y 4.96 PXY
21 days 6.41"P 2.93 XY 2.76 6.07 P
FPE D 7 days 3.273W 1472 1.482V 3.212VW
14 days 4.75bX 1.473W 1.472Y 4.41°Y
21 days 7.23¢ 4.19 XY 3.72b 7.04 ¢
LPEI 7 days 2.76 2W 1.99 2.00 VW 2.372VW
14 days 5.43 XY 1.99 VW 2.00 XY 4.87 XY
21 days 6.63° 2.58 X 2.58 6.54 ¢
LPE D 7 days 2.91W 1.99 1.99 VW 2102V
14 days 5.20 XY 2.10VW 1.99 XY 4.75 XY
21 days 6.22b 3.11%Y 2.36 6.15P
SEM 0.411 0.494 0.529 0.451
p value PE <0.001 <0.001 <0.001 0.002
Method 0.471 0.160 0.651 0.689
Time <0.001 <0.001 <0.001 <0.001
PE x T 0.238 0.023 0.014 0.203
PE x M 0.946 0.572 0.417 0.588
M x T 0.320 0.151 0.595 0.554
PExTxM 0.160 0.671 0.302 0.346

n =9 per experimental group for each replicate. ACC = aerobic colony count; ENT = Enterobacteriaceae count;
PSE = Pseudomonas count; LAB = lactic acid bacteria count; C = control group; LPEI = sample immersed for
1 min in a 10% solution of liquid polyphenolic extract; LPE D = sample dipped for 10 s in a 10% solution of liquid
polyphenolic extract; FPE I = sample immersed for 1 min in a 10% solution of freeze-dried polyphenolic extract;
FPE D = sample dipped for 10 s in a 10% solution of freeze-dried polyphenolic extract; PE = polyphenolic extract;
T = time; M = method of application of the polyphenolic extract. In each column, different small letters (a,b,c)
within the same group denote statistically significant differences in the mean values between times of storage
(p < 0.05); likewise, different capital letters (V,W,X,Y) indicate significant differences in the mean values between
groups (p < 0.05) for the same storage time.
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The effect of the PEs on the C samples was significant for ACC after 7 days, with the
exception of FPE I, and after 14 days only for FPE D. For ENT, differences were registered
after 14 days between C and FPE I and FPE D and after 21 days between C and LPE I. The
PSE counts were different between C and FPE I and FPE D at 7 and 14 days of observation.
The LAB count was higher in C than LPE D after 7 days and in FPE D after 14 days. No
differences were detected at 21 days between the C and PE groups with respect to ACC,
PSE, and LAB. ENT at 21 days was lower in the LPE I group than in the C group.

4. Discussion

The first trial confirmed that game meat can be highly contaminated just after the
handling and butchering processes. In this case, values even higher than 7 log per g
or cm? could be found [33]. The microbial loads in these meats increased under cold-
storage conditions of +3 °C and under vacuum to final concentrations in the same order of
magnitude as in meat cuts with low initial contamination but stored for 21 days.

For meat cuts with high initial bacterial loads, the effect of PEs on the microflora is
limited or absent, even when high concentrations of PEs (25%) are used, and no decontami-
nation of the meat is observed. Indeed, polyphenols are more likely to exert bacteriostatic
rather than bactericidal effects, reducing the growth of some microbial populations during
storage. The possible mechanisms of action proposed for similar compounds are the deple-
tion of ATP inside the bacteria due to polyphenols binding ATP synthetase and altering
the microbial metabolism [41]. Furthermore, polyphenols also cause the depolarization of
bacterial cells with cell morphology modification, resulting in damage to the cell membrane
and the leakage of cytoplasm [42,43]. According to other studies, tyrosol suppresses the ac-
tivity of cyclooxygenase enzymes, and hydroxytyrosol can cause protein denaturation [44].
All these mechanisms could be responsible for the increase in the bacterial lag phase and
the reduction in the exponential growth phase (log phase) detected in different bacterial
populations [10,23]. It is possible that when a high number of bacteria were present in
the meat, all the mechanisms that interfere with bacterial adaptation to the environment
could not be overcome. The effectiveness of compounds with bacteriostatic activity may be
restricted in these circumstances.

For an improvement of PE efficacy in food preservation, other possible technologies or
antimicrobial substances could be combined in the food industry (i.e., vacuum packaging,
high-pressure processing, bacteriocins, polysaccharides, and additives) [45-47]. PEs, as
additional hurdles, combined with traditional and innovative preservation technologies
require further investigation with respect to game meat.

When the initial microbial loads were below 4 Log cfu/g, the 10% PE solutions seemed
to affect microbial growth. Indeed, for some of the groups tested, a delay in ACC, PSE,
and LAB growth was registered after 7 days and remained to some extent until 14 days
(i.e., the ACC in groups C and FPE D). At 21 days, when the microbial load reached
high concentrations, the effects were no longer apparent. Other authors have reported a
delay in microbial growth when OMVW polyphenols were used, but comparing data from
the literature is challenging due to differences in the compounds present in the extracts,
their concentrations and the application method used, and the meat matrix under study
(e.g., minced meat preparations). The inhibition of bacterial growth was induced by the
incorporation of polyphenol extracts from olive leaves and various by-products from the
olive oil process into raw or cooked ground meats [10,23,48]. Fasolato et al. [24] reported a
reduction in Enterobacteriaceae and Pseudomonas counts in chicken breast fillets dipped in a
crude extract containing a total concentration of phenols of about 22 g/kg, whose main
compounds were oleuropein aglycone, hydroxytyrosol, tyrosol, and verbascoside.

The results of experiment 2 reveal that a delay in ENT growth was more evident after
14 and 21 days of storage, differing from the results concerning chicken meat reported by
Fasolato et al. [24]. This could be due to differences in the meat considered and the PEs used,
particularly when the extracted compounds exerted synergic effects. This phenomenon
is still under debate. Some authors suggest that antimicrobial in vitro activity is best
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assessed by using purified molecules [49,50] with dose-dependent inhibition effects, also
depending on the culture media adopted [51]. Other authors mention potential synergic
effects between phenolic compounds or with other molecules [41,52], but further studies
are needed on raw meat.

Dipping for a short time (10 s), adopted by Fasolato et al. [24], was still sufficient for
achieving bacteriostatic effects, regardless of whether PEs were in liquid or powder form.
Encapsulation in maltodextrin after freeze-drying does not seem to affect the efficacy of
the extract.

The results confirm the possible use of these PEs on game meat to prevent microbial
growth, with a double impact on food sector sustainability, either via reducing food wastage
due to microbial spoilage or due to meat oxidation or via reusing an olive-oil-by-product,
which is an environmental pollutant necessitating specific disposal strategies [53]. Nonethe-
less, the relevance of the results should be discussed with respect to other aspects such as
the effects on meat quality and regulatory considerations. Since polyphenol extracts are
already available on the market as food-grade “flavouring”, their application, depending
on the concentration, should have an impact on the sensorial characteristics of the products.
Furthermore, the antioxidant activity of these compounds has to be taken into consideration
when sensory attributes are investigated since they could be used to prevent the production
of an off-color, -odor, and -taste due to the oxidation of meat during storage [54]. Other au-
thors reported that acceptable sensory traits could be obtained by using 7% hydroxytyrosol
formulations from OMVW in chicken frankfurters [55]. No sensory effects were reported
for PEs from olive leaves (100 and 150 ug of phenols/g meat) in raw minced beef [56], and
an improvement in the visual quality of cooked beef burgers was obtained with the use of
OMVW PEs (87.5 mg of phenols/kg of meat) [57]. Furthermore, undesired side-effects of
PEs on quality attributes could be mitigated by incorporating PEs in coating materials [58].
For this reason, polyphenols from olive byproducts have been used in different types of
food packaging, such as polyethylene terephthalate/polypropylen (PET/PT); chitosan
+ glycerol; alginate + gelatin + glycerol; pectin-fish gelatin + glutaraldehyde +glycerol;
k-carrageenan + glycerol; multilayer polyethylene; and polyvinyl alcohol [59]. This is
probably the most promising application of these PEs in the food industry, but it has been
reported at the laboratory scale only, for limited kinds of foods, and not for game meat.
Indeed, a deeper analysis of all the conditions affecting PEs’ efficacy with respect to the
microbial spoilage of game meat, but also the effects on game meat quality attributes, is
still needed.

5. Conclusions

The use of OMVW PE to inhibit bacterial growth in game meat should be considered
only if a good hygienic baseline is guaranteed. When treatment was applied to highly
contaminated meat, no consistent effect was found. This underpins EU considerations,
where the prevention of microbial contamination and growth is of primary importance,
whereas decontaminating treatments are only adjunct measures [60]. When low bacterial
contamination occurred, a beneficial effect was evident in game meat stored under vacuum
and refrigerated conditions. In these circumstances, the use of PEs could be favorable.
Further studies are needed to consider the application of PEs to carcasses after evisceration,
with the skin on (i.e., to treat body cavities), or to freshly exposed meat surfaces after the
skinning of a carcass as an early-stage treatment with potential beneficial effects for the meat
cuts taken from the so-treated carcasses. In addition, it would be appropriate to evaluate
the effects of treatment on meat quality characteristics, particularly their antioxidant effect
in meats that are more prone to oxidation than those of other animals. Furthermore,
combinations with other preservatives or treatments need further evaluation.

Author Contributions: Conceptualization, C.A., D.R. and P.P.; methodology, P.P; formal analysis,
C.A,, RR. and D.C; investigation, C.A.; data curation, C.A.; writing—original draft preparation, C.A.
and D.R.; writing—review and editing, R.B. and P.P; supervision, P.P,; funding acquisition, D.R. All
authors have read and agreed to the published version of the manuscript.



Foods 2024, 13, 658 8 of 10

Funding: This research was funded by the Italian Ministry of University and Research, PON “Ricerca
e Innovazione” 2014-2020, action IV.5-“Dottorati su tematiche Green”, PhD Project title: Game Meat
Green Safety. This article is based on work from the COST Action Safety in the Game Meat Chain
(SafeGameMeat), CA22166, supported by COST (European Cooperation in Science and Technology).

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

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: The authors acknowledge P.D. Pettas and Stymon Natural Products IKE for the
technical support and for the production and supply of the food-grade olive phenolic extract under
Patent number GR1010150 and EP4049543A1. The authors acknowledge the assistance of A. Pauker.

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

References

1. Efenberger-Szmechtyk, M.; Nowak, A.; Czyzowska, A. Plant extracts rich in polyphenols: Antibacterial agents and natural
preservatives for meat and meat products. Crit. Rev. Food Sci. Nutr. 2021, 61, 149-178. [CrossRef] [PubMed]

2. Ciriminna, R.; Meneguzzo, F,; Fidalgo, A.; Ilharco, L.M.; Pagliaro, M. Extraction, benefits and valorization of olive polyphenols.
Eur. J. Lipid Sci. Technol. 2016, 118, 503-511. [CrossRef]

3. Ranucci, D.; Roila, R.; Andoni, E.; Braconi, P.; Branciari, R. Punica granatum and Citrus spp. extract mix affects spoilage
microorganisms growth rate in vacuum-packaged cooked sausages made from pork meat, emmer wheat (Triticum dicoccum
Schiibler), almond (Prunus dulcis Mill.) and hazelnut (Corylus avellana L.). Foods 2021, 8, 664. [CrossRef] [PubMed]

4. Martelli, A.; Flori, L.; Gorica, E.; Piragine, E.; Saviano, A.; Annunziata, G.; Di Minno, M.N.D.; Ciampaglia, R.; Calcaterra, I;
Maione, F; et al. Vascular effects of the polyphenolic nutraceutical supplement taurisolo®: Focus on the protection of the
endothelial function. Nutrients 2021, 13, 1540. [CrossRef] [PubMed]

5. Oulahal, N.; Degraeve, P. Phenolic-rich plant extracts with antimicrobial activity: An alternative to food preservatives and
biocides? Front. Microbiol. 2022, 12, 753518. [CrossRef] [PubMed]

6. Wang, X,; Li, Y,; Liu, S.; Wang, H.; Chang, X.; Zhang, J. Chestnut Shell Polyphenols Inhibit the Growth of Three Food-Spoilage
Bacteria by Regulating Key Enzymes of Metabolism. Foods 2023, 12, 3312. [CrossRef]

7. Rodriguez Vaquero, M.].; Aredes Fernandez, P.A.; Manca De Nadra, M.C,; Strasser De Saad, A.M. Effect of phenolic compounds
from argentinean red wines on pathogenic bacteria in a meat model system. J. Food Biochem. 2013, 37, 425-431. [CrossRef]

8.  Lobiuc, A.; Paval, N.E.; Mangalagiu, L.I.; Gheorghita, R.; Teliban, G.C.; Amariucai-Mantu, D.; Stoleru, V. Future antimicrobials:
Natural and functionalized phenolics. Molecules 2023, 28, 1114. [CrossRef]

9. Difonzo, G.; Squeo, G.; Pasqualone, A.; Summo, C.; Paradiso, V.M.; Caponio, F. The challenge of exploiting polyphenols from
olive leaves: Addition to foods to improve their shelf-life and nutritional value. J. Sci. Food. Agric. 2021, 101, 3099-3116. [CrossRef]

10. Roila, R.; Sordini, B.; Esposto, S.; Ranucci, D.; Primavilla, S.; Valiani, A.; Taticchi, A.; Branciari, R.; Servili, M. Effect of the
Application of a Green Preservative Strategy on Minced Meat Products: Antimicrobial Efficacy of Olive Mill Wastewater
Polyphenolic Extract in Improving Beef Burger Shelf-Life. Foods 2022, 11, 2447. [CrossRef]

11. Kalogianni, A.L; Lazou, T.; Bossis, I.; Gelasakis, A.I. Natural phenolic compounds for the control of oxidation, bacterial spoilage,
and foodborne pathogens in meat. Foods 2020, 9, 794. [CrossRef] [PubMed]

12.  Zhao, S.; Li, N,; Li, Z,; He, H.; Zhao, Y.; Zhu, M.; Wang, Z.; Kang, Z.; Ma, H. Shelf life of fresh chilled pork as affected by
antimicrobial intervention with nisin, tea polyphenols, chitosan, and their combination. Int. J. Food. Prop. 2019, 22, 1047-1063.
[CrossRef]

13.  Zhou, Y,; Xu, T.; Zhang, Y.; Zhang, C.; Lu, Z.; Lu, E; Zhao, H. Effect of tea polyphenols on curdlan/chitosan blending film
properties and its application to chilled meat preservation. Coatings 2019, 9, 262. [CrossRef]

14. Zakraoui, M.; Hannachi, H.; Paskovi¢, I.; Vidovi¢, N.; Poli¢ Paskovi¢, M.; Pal¢i¢, I.; Major, N.; Ban, S.G.; Hamrouni, L. Effect of
geographical location on the phenolic and mineral composition of Chetoui olive leaves. Foods 2023, 12, 2565. [CrossRef]

15. Palmeri, R,; Siracusa, L.; Carrubba, M.; Parafati, L.; Proetto, I.; Pesce, F.; Fallico, B. Olive leaves, a promising byproduct of olive oil
industry: Assessment of metabolic profiles and antioxidant capacity as a function of cultivar and seasonal change. Agronomy
2022, 12,2007. [CrossRef]

16. Rodis, P.S.; Karathanos, V.T.; Mantzavinou, A. Partitioning of olive oil antioxidants between oil and water phases. J. Agric. Food
Chem. 2012, 50, 596—601. [CrossRef]

17.  Roig, A.; Cayuela, M.L.; Sanchez-Monedero, M. An overview on olive mill wastes and their valorisation methods. Waste Manag.
2006, 26, 960-969. [CrossRef] [PubMed]

18. Davies, L.C.; Vilhena, A.M.; Novais, ].M.; Martins-Dias, S. Olive mill wastewater characteristics: Modelling and statistical analysis.

Grasas Aceites 2004, 55, 233-241. [CrossRef]


https://doi.org/10.1080/10408398.2020.1722060
https://www.ncbi.nlm.nih.gov/pubmed/32043360
https://doi.org/10.1002/ejlt.201500036
https://doi.org/10.3390/foods8120664
https://www.ncbi.nlm.nih.gov/pubmed/31835622
https://doi.org/10.3390/nu13051540
https://www.ncbi.nlm.nih.gov/pubmed/34063322
https://doi.org/10.3389/fmicb.2021.753518
https://www.ncbi.nlm.nih.gov/pubmed/35058892
https://doi.org/10.3390/foods12173312
https://doi.org/10.1111/j.1745-4514.2011.00648.x
https://doi.org/10.3390/molecules28031114
https://doi.org/10.1002/jsfa.10986
https://doi.org/10.3390/foods11162447
https://doi.org/10.3390/foods9060794
https://www.ncbi.nlm.nih.gov/pubmed/32560249
https://doi.org/10.1080/10942912.2019.1625918
https://doi.org/10.3390/coatings9040262
https://doi.org/10.3390/foods12132565
https://doi.org/10.3390/agronomy12092007
https://doi.org/10.1021/jf010864j
https://doi.org/10.1016/j.wasman.2005.07.024
https://www.ncbi.nlm.nih.gov/pubmed/16246541
https://doi.org/10.3989/gya.2004.v55.i3.171

Foods 2024, 13, 658 90f 10

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

Caballero-Guerrero, B.; Garrido-Fernandez, A.; Fermoso, F.G.; Rodriguez-Gutierrez, G.; Fernandez-Prior, M.A.; Reinhard, C.;
Nystrom, B.; BEnitez-Cabello, A.; Arroyo-Lopez, EN. Antimicrobial effects of treated olive mill waste on foodborne pathogens.
LWT 2022, 164, 113628. [CrossRef]

Sar, T.; Akbas, M.Y. Antimicrobial Activities of Olive Oil Mill Wastewater Extracts against Selected Microorganisms. Sustainability
2023, 15, 8179. [CrossRef]

Hayes, ].E.; Stepanyan, V.; Allen, P.; O’Grady, M.N.; Kerry, ].P. Effect of lutein, sesamol, ellagic acid and olive leaf extract on the
quality and shelf-life stability of packaged raw minced beef patties. Meat Sci. 2010, 84, 613-620. [CrossRef]

Fasolato, L.; Carraro, L.; Facco, P.; Cardazzo, B.; Balzan, S.; Taticchi, A.; Andrea, N.; Montemurro, F.; Martino, M.E.; Elena, M.;
et al. Agricultural by-products with bioactive extracts: A multivariate approach to evaluate microbial and physicochemical
changes in a fresh pork sausage enriched with phenolic compounds from olive vegetation water. Int. J. Food Microbiol. 2016, 228,
34-43. [CrossRef] [PubMed]

Djenane, D.; Gémez, D.; Yangtiela, J.; Roncalés, P.; Arifio, A. Olive leaves extract from algerian oleaster (Olea europaea var.
Sylvestris) on microbiological safety and shelf-life stability of raw halal minced beef during display. Foods 2019, 8, 10. [CrossRef]
Fasolato, L.; Cardazzo, B.; Balzan, S.; Carraro, L.; Andreani, A.N.; Taticchi, A.; Novelli, E. Using a concentrate of phenols obtained
from olive vegetation water to preserve chilled food: Two case studies. Ital. ]. Food Saf. 2016, 5, 5651. [CrossRef]

Veneziani, G.; Novelli, E.; Esposto, S.; Taticchi, A.; Servili, M. Applications of recovered bioactive compounds in food products. In
Olive Mill Waste; Academic Press: Cambridge, MA, USA, 2017; pp. 231-253.

D’Antuono, I.; Kontogianni, V.G.; Kotsiou, K.; Linsalata, V.; Logrieco, A.F.; Tasioula-Margari, M.; Cardinali, A. Polyphenolic
characterization of olive mill wastewaters, coming from Italian and Greek olive cultivars, after membrane technology. Food Res.
Int. 2014, 65, 301-310. [CrossRef]

Hoffman, L.C.; Wiklund, E. Game and venison—-meat for the modern consumer. Meat Sci. 2006, 74, 197-208. [CrossRef]
Needham, T.; Bures, D.; Cern}’l, J.; Hoffman, L.C. Overview of game meat utilisation challenges and opportunities: A European
perspective. Meat Sci. 2023, 204, 109284. [CrossRef] [PubMed]

Marescotti, M.E.; Caputo, V.; Demartini, E.; Gaviglio, A. Discovering market segments for hunted wild game meat. Meat Sci. 2019,
149, 163-176. [CrossRef]

Corradini, A.; Marescotti, M.E.; Demartini, E.; Gaviglio, A. Consumers’ perceptions and attitudes toward hunted wild game meat
in the modern world: A literature review. Meat Sci. 2022, 194, 108955. [CrossRef]

Branciari, R.; Onofri, A.; Cambiotti, F.; Ranucci, D. Effects of animal, climatic, hunting and handling conditions on the hygienic
characteristics of hunted roe doer (Caprelous capreolus L.). Foods 2020, 9, 1076. [CrossRef]

Nkosi, D.V.; Bekker, J.L.; Hoffman, L.C. The Use of Organic Acids (Lactic and Acetic) as a Microbial Decontaminant during the
Slaughter of Meat Animal Species: A Review. Foods 2021, 10, 2293. [CrossRef]

Paulsen, P.; Winkelmayer, R. Seasonal variation in the microbial contamination of game carcasses in an Austrian hunting area.
Eur. J. Wildl. Res. 2004, 50, 157-159. [CrossRef]

Mirceta, J.; Petrovic, J.; Malesevic, M.; Blagojevic, B.; Antic, D. Assessment of microbial carcass contamination of hunted wild
boars. Eur. J. Wildl. Res. 2017, 63, 37. [CrossRef]

Ranucci, D.; Roila, R.; Onofri, A.; Cambiotti, F.; Primavilla, S.; Miraglia, D.; Andoni, E.; Di Cerbo, A.; Branciari, R. Improving
hunted wild boar carcass hygiene: Roles of different factors involved in the harvest phase. Foods 2021, 10, 1548. [CrossRef]
Roila, R.; Altissimi, C.; Branciari, R.; Primavilla, S.; Valiani, A.; Cambiotti, F.; Cardinali, L.; Cioffi, A.; Ranucci, D. Effects of
Spray Application of Lactic Acid Solution and Aromatic Vinegar on the Microbial Loads of Wild Boar Carcasses Obtained under
Optimal Harvest Conditions. Appl. Sci. 2022, 12, 10419. [CrossRef]

Dave, D.; Ghaly, A.E. Meat spoilage mechanisms and preservation techniques: A critical review. Am. . Agric. Biol. Sci. 2011, 6,
486-510.

ISO 4833-1:2013; Microbiology of the Food Chain. Horizontal Method for the Enumeration of Microorganisms Part 1: Colony
Count at 30 °C by the Pour Plate Technique. International Organization for Standardization: Geneve, Switzerland, 2013.

ISO 21528-2:2017; Microbiology of the Food Chain. Horizontal Method for the Detection and Enumeration of Enterobacteriaceae.
Part 2: Colony-Count Technique. International Organization for Standardization: Geneve, Switzerland, 2017.

SAS/STAT User’s Guide, Version 8, 2nd ed.; SAS Institute Inc.: Cary, NC, USA, 2000; Volume 2.

Amini, A.; Liu, M.; Ahmad, Z. Understanding the link between antimicrobial properties of dietary olive phenolics and bacterial
ATP synthase. Int. ]. Biol. Macromol. 2017, 101, 153-164. [CrossRef]

Guo, L.; Sun, Q.; Gong, S.; Bi, X; Jiang, W.; Xue, W.; Fei, P. Antimicrobial activity and action approach of the olive oil polyphenol
extract against Listeria monocytogenes. Front. Microbiol. 2019, 10, 1586. [CrossRef] [PubMed]

Guo, L.; Gong, S.; Wang, Y.; Sun, Q.; Duo, K,; Fei, P. Antibacterial activity of olive oil polyphenol extract against Salmonella
Typhimurium and Staphylococcus aureus: Possible Mechanisms. Foodborne Path. Dis. 2020, 17, 396-403. [CrossRef] [PubMed]
Medina, E.; Brenes, M.; Garcia, A.; Romero, C.; de Castro, A. Bactericidal activity of glutaraldehyde-like compounds from olive
products. . Food Prot. 2009, 72, 2611-2614. [CrossRef]

Ju, J.; Liao, L;; Qiao, Y.; Xiong, G.; Li, D.; Wang, C.; Wu, W,; Ding, A.; Shi, L.; Li, X. The effects of vacuum package combined with
tea polyphenols (V+ TP) treatment on quality enhancement of weever (Micropterus salmoides) stored at 0 °C and 4 °C. LWT 2018,
91, 484-490. [CrossRef]


https://doi.org/10.1016/j.lwt.2022.113628
https://doi.org/10.3390/su15108179
https://doi.org/10.1016/j.meatsci.2009.10.020
https://doi.org/10.1016/j.ijfoodmicro.2016.04.003
https://www.ncbi.nlm.nih.gov/pubmed/27088870
https://doi.org/10.3390/foods8010010
https://doi.org/10.4081/ijfs.2016.5651
https://doi.org/10.1016/j.foodres.2014.09.033
https://doi.org/10.1016/j.meatsci.2006.04.005
https://doi.org/10.1016/j.meatsci.2023.109284
https://www.ncbi.nlm.nih.gov/pubmed/37480669
https://doi.org/10.1016/j.meatsci.2018.11.019
https://doi.org/10.1016/j.meatsci.2022.108955
https://doi.org/10.3390/foods9081076
https://doi.org/10.3390/foods10102293
https://doi.org/10.1007/s10344-004-0054-z
https://doi.org/10.1007/s10344-017-1096-3
https://doi.org/10.3390/foods10071548
https://doi.org/10.3390/app122010419
https://doi.org/10.1016/j.ijbiomac.2017.03.087
https://doi.org/10.3389/fmicb.2019.01586
https://www.ncbi.nlm.nih.gov/pubmed/31396167
https://doi.org/10.1089/fpd.2019.2713
https://www.ncbi.nlm.nih.gov/pubmed/31755743
https://doi.org/10.4315/0362-028X-72.12.2611
https://doi.org/10.1016/j.lwt.2018.01.056

Foods 2024, 13, 658 10 of 10

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

de Oliveira, T.L.C.; Ramos, A.L.; Ramos, E.M.; Piccoli, R.H.; Cristianini, M. Natural antimicrobials as additional hurdles to
preservation of foods by high pressure processing. Trends Food Sci. Technol. 2015, 45, 60-85. [CrossRef]

Dai, Z.; Han, L.; Li, Z.; Gu, M; Xiao, Z.; Lu, F. Combination of chitosan, tea polyphenols, and nisin on the bacterial inhibition and
quality maintenance of plant-based meat. Foods 2022, 11, 1524. [CrossRef]

Hawashin, M.D.; Al-Juhaimi, F.; Ahmed, I.A.M.; Ghafoor, K.; Babiker, E.E. Physicochemical, microbiological and sensory
evaluation of beef patties incorporated with destoned olive cake powder. Meat Sci. 2016, 122, 32-39. [CrossRef]

Friedman, M.; Rasooly, R.; Do, PM.; Henika, P.R. The olive compound 4-hydroxytyrosol inactivates Staphylococcus aureus
bacteria and staphylococcal enterotoxin A (SEA). J. Food Sci. 2011, 76, M558-M563. [CrossRef]

Peng, M.; Zhao, X.; Biswas, D. Polyphenols and tri-terpenoids from Olea europaea L. in alleviation of enteric pathogen infections
through limiting bacterial virulence and attenuating inflammation. J. Funct. Foods 2017, 36, 132-143. [CrossRef]
Medina-Martinez, M.S.; Truchado, P,; Castro-Ibafiez, I.; Allende, A. Antimicrobial activity of hydroxytyrosol: A current contro-
versy. Biosci. Biotechnol. Biochem. 2016, 80, 801-810. [CrossRef] [PubMed]

Tafesh, A.; Najami, N.; Jadoun, J.; Halahlih, F; Riepl, H.; Azaizeh, H. Synergistic antibacterial effects of polyphenolic compounds
from olive mill wastewater. eCAM 2011, 2011, 431021. [CrossRef] [PubMed]

Kavvadias, V.; Doula, M.; Theocharopoulos, S. Long-term effects on soil of the disposal of olive mill waste waters (OMW). Environ.
Forensics 2014, 15, 37-51. [CrossRef]

Falowo, A.B.; Fayemi, P.O.; Muchenje, V. Natural antioxidants against lipid—protein oxidative deterioration in meat and meat
products: A review. Food Res. Int. 2014, 64, 171-181. [CrossRef]

Nieto, G.; Martinez, L.; Ros, G. Hydroxytyrosol extracts, olive oil and walnuts as functional components in chicken sausages.
J. Sci. Food Agric. 2017, 97, 3761-3771. [CrossRef] [PubMed]

Aouidi, E; Okba, A.; Hamdi, M. Valorization of functional properties of extract and powder of olive leaves in raw and cooked
minced beef meat. J. Sci. Food Agricul. 2017, 97, 3195-3203. [CrossRef]

Barbieri, S.; Mercatante, D.; Balzan, S.; Esposto, S.; Cardenia, V.; Servili, M.; Novelli, E.; Taticchi, A.; Rodriguez-Estrada, M.T.
Improved oxidative stability and sensory quality of beef hamburgers enriched with a phenolic extract from olive vegetation
water. Antioxidants 2021, 10, 1969. [CrossRef]

Bermudez-Oria, A.; Rodriguez-Gutiérrez, G.; Rubio-Senent, F.; Fernandez-Prior, A.; Fernandez-Bolafios, J. Effect of edible
pectin-fish gelatin films containing the olive antioxidants hydroxytyrosol and 3, 4-dihydroxyphenylglycol on beef meat during
refrigerated storage. Meat Sci. 2019, 148, 213-218. [CrossRef]

Khwaldia, K.; Attour, N.; Matthes, J.; Beck, L.; Schmid, M. Olive byproducts and their bioactive compounds as a valuable source
for food packaging applications. Compreh. Rev. Food Sci. Food Saf. 2022, 21, 1218-1253. [CrossRef] [PubMed]

Commission Regulation (EU) No 101/2013 of 4 February 2013 concerning the use of lactic acid to reduce microbiological surface
contamination on bovine carcases. Off. J. Europ. Union 2013, L34, 1-3.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.tifs.2015.05.007
https://doi.org/10.3390/foods11101524
https://doi.org/10.1016/j.meatsci.2016.07.017
https://doi.org/10.1111/j.1750-3841.2011.02365.x
https://doi.org/10.1016/j.jff.2017.06.059
https://doi.org/10.1080/09168451.2015.1116924
https://www.ncbi.nlm.nih.gov/pubmed/26679750
https://doi.org/10.1155/2011/431021
https://www.ncbi.nlm.nih.gov/pubmed/21647315
https://doi.org/10.1080/15275922.2013.872713
https://doi.org/10.1016/j.foodres.2014.06.022
https://doi.org/10.1002/jsfa.8240
https://www.ncbi.nlm.nih.gov/pubmed/28133759
https://doi.org/10.1002/jsfa.8164
https://doi.org/10.3390/antiox10121969
https://doi.org/10.1016/j.meatsci.2018.07.003
https://doi.org/10.1111/1541-4337.12882
https://www.ncbi.nlm.nih.gov/pubmed/35068049

	Introduction 
	Materials and Methods 
	Treatment of Game Meat with Initial High Microbial Loads (Experiment 1) 
	Treatment of Game Meat with Initial Low Microbial Loads (Experiment 2) 

	Results 
	Treatment of Game Meat with Initial High Microbial Loads (Experiment 1) 
	Treatment of Game Meat with Initial Low Microbial Loads (Experiment 2) 

	Discussion 
	Conclusions 
	References

