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Abstract

Considering the growing global population, attention must be paid to secure human
protein supply. Animal protein is highly valuable and should be utilized in a sustainable
manner. Microbial contamination of meat can occur due to initial microbial colonization
from animal husbandry, or via cross-contamination during slaughter and processing. This
study investigates whether the microbicidal effect of plasma-activated water (Tb-PAW)
can improve the safety and shelf life of experimentally contaminated buffalo and beef
meat. Escherichia coli, Salmonella Typhimurium, and Listeria monocytogenes are treated with
Tb-PAW (1 to 15 min), and the reduction in bacterial count, the effect on myoglobin variants,
and the color of the meat are analyzed. In fact, the treatment results in a reduction of up to
0.50 log10 CFU/g and 0.82 log10 CFU/g (E. coli), 0.47 log10 CFU/g and 0.69 log10 CFU/g
(S. Typhimurium), and 0.5 log10 CFU/g as well as 0.54 log10 CFU/g (L. monocytogenes) in
buffalo and beef meat, respectively. The application of Tb-PAW leads to a higher proportion
of metmyoglobin. Therefore, meat samples became darker and more gray. Finally, Tb-PAW
can be used to reduce bacteria on buffalo and beef meat; however, further optimization is
needed regarding its efficacy and the reduction in sensory effects.

Keywords: buffalo meat; food safety; innovative decontamination strategy; plasma-
activated liquids; sustainability; shelf life

1. Introduction
The world’s population is growing; by the mid-2080s, it is projected to reach 10.3 billion

people [1]. To ensure that everyone has access to a healthy diet, available resources must be
used carefully. Despite the development of new sources—including plant-based ones—a
valuable source of protein comes from animal sources [2–4]. Beef consumption plays a
significant role worldwide [5]; in some countries, such as India, Pakistan and Brazil, the
consumption of buffalo meat is also particularly important [6,7]. In other countries, such as
Italy and Germany, buffalo are raised for mozzarella production and also for landscape
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conservation [8–11]. In some cases, the male animals are fattened, while older animals
are sent to slaughter [12,13]. Because of its nutritional benefits compared to beef—such as
fewer calories, lower cholesterol levels, higher iron content, and higher levels of vitamin
B12—it is becoming attractive to additional consumer groups [14]. Buffalo meat is therefore
a niche product in various countries, but from an ecological perspective, it will become
increasingly important in the future [6,10,12].

From a food hygiene perspective, various factors must be considered in meat produc-
tion. In principle, controlled livestock farming and careful ante-mortem and post-mortem
inspections ensure very high quality. Nevertheless, it is possible for the meat to be contami-
nated with pathogens due to initial microbial colonization originating from the farm [15].
Furthermore, (cross-)contamination can occur during the slaughter and processing of the
animals [15,16]. In both cases, the shelf life of the products may be reduced, and consumer
safety may even be compromised. Escherichia (E.) coli are facultative anaerobic, sometimes
flagellated, and motile, Gram-negative rods. They serve as a good indicator of personal
hygiene (e.g., in cases of inadequate handwashing), as they occur naturally in the human
intestine. However, there are also pathogenic strains of E. coli that, as zoonotic pathogens,
can cause gastrointestinal diseases, some of which are severe [17,18]. Salmonella (S.) spp.
are Gram-negative, facultatively anaerobic rods that are predominantly motile [18]. The
infectious dose ranges from 105 to 106 upon oral ingestion [18]. Since 2020, the number
of cases has risen significantly, with S. Typhimurium being one of the relevant serovars,
associated in particular with bovine animals and bovine meat [19]. Listeria (L.) monocy-
togenes is another cause of serious illnesses associated with the consumption of foods of
animal origin. These Gram-positive rod-shaped bacteria are facultative anaerobes, motile,
and widely distributed in the environment [18]. Nearly all individuals who develop the
disease require hospitalization and suffer from septicemia, influenza-like symptoms, and
meningitis; some experience a miscarriage or even die. Here, too, the number of cases has
risen since 2020 [19]. People particularly among the YOPI group (young, old, pregnant,
and immunosuppressed) are at risk [20].

In the EU, in accordance with Regulation (EU) No. 853/2004, only the removal of
visible contaminants is permitted to reduce bacterial load [21]. For beef, there are additional
uses for lactic acid, which are subjected to Regulation (EU) No. 101/2013 [22]. Other forms
of decontamination are not yet permitted, as maintaining clean working conditions during
the production of food derived from animal products is a top priority, and there is generally
low public acceptance of such methods [23].

Given the increasing emphasis on sustainability in the future, decontamination meth-
ods have once again become the focus of increased interest. For example, there have
already been studies on the effectiveness of UV-C rays and organic acids such as peracetic
acid [24,25]. This study aims to investigate the microbicidal efficacy of plasma-activated
water—generated by applying a low-temperature plasma to a buffered liquid—on artifi-
cially contaminated beef and buffalo meat. In recent years, the transfer of the favorable
properties of plasmas to liquids, so-called PALs (plasma-activated liquids), has generated
an increasing interest of numerous research groups worldwide. Plasma activation leads to
the formation of various reactive oxygen and nitrogen species (RONS) in the liquid [26],
which makes the PALs suitable for a wide range of applications. For example, potential
in the field of wound management, e.g., for diabetes-related foot ulcers [27], was demon-
strated. Research is also focusing on the use of PALs to reduce biofilms in the context of
dental hygiene and skin conditions [28]. With regard to veterinary applications, studies
have investigated the microbicidal effect on pathogens relevant to infectious hoof dis-
eases (Mortellaro) and have demonstrated a pathogen-dependent reduction of 3 to 5 log
levels [29].
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Regarding food production, PALs can also be used in the production of cured products
due to its nitrate and nitrite content (depending on the manufacturing conditions) [30,31].
Research is also being conducted into its use as a decontaminant for food contact sur-
faces [32], and its application to poultry meat itself showed a significant influence of the
meat matrix on the microbicidal effect [33].

Overall, the current literature shows that there is a broad range of applications for
plasma-activated liquids. However, to the best of our knowledge, no one used buffered
liquid to avoid negative effects on sensory properties caused by the low pH value, which
is common in PALs. In addition, this approach offers the advantage that the microbicidal
effects are attributable solely to the PAL itself and not to the pH effect of an acidic solution.
The potential for microbicidal activity is significantly influenced by external factors [33–35],
which could pose a challenge in a planned industrial application. In addition to its microbi-
cide potential and the opportunity to improve the shelf life of important protein sources like
meat or other food products and to boost exports, there are some challenges to overcome.
A uniform, reproducible production of sufficiently large quantities of liquid with a stable,
storable consistency must be addressed before a market-ready launch. To date, the mode of
action of these liquids has not yet been fully elucidated due to the diversity of production
conditions and the dynamically changing composition of the substances. Not least for this
reason, there is still a lack of approval for their use on food products.

It is precisely against this backdrop that it is important to gain new insights and
foster understanding and acceptance of a new procedure. With a view to the sustainable
management of the world’s protein resources, the suitability of this innovative decontami-
nation method for beef and buffalo meat must be investigated more closely. In particular,
no studies have yet been conducted on buffalo meat to examine the bacterial reduction
achieved by buffered PAW and its effects on sensory characteristics.

The objective of this study is to (a) document visually perceptible changes in the
surface of buffalo and beef resulting from the application of a TRIS-buffered PAW (Tb-
PAW), (b) find a possible explanation for these color changes by determining myoglobin
variants after treatment, and (c) quantify the potential of Tb-PAW to reduce microbial
contamination in artificially contaminated meat with regard to E. coli, S. Typhimurium, and
L. monocytogenes.

The results are expected to make a significant contribution to assessing the potential
for future application of Tb-PAWs on raw beef and buffalo meat as an innovative decon-
tamination method. Since successful application depends not only on the treatment’s
effectiveness but also on the subsequent marketability (appearance) of the treated products,
findings regarding the impact on surface color are a crucial aspect that must be considered.

2. Materials and Methods
All experiments were conducted in laboratories at the University of Veterinary

Medicine Hannover, Hannover, Germany. Tb-PAW was manufactured at the University of
Applied Sciences and Arts, Göttingen, Germany.

2.1. Bacterial Strains and Culture Preparation

The bacterial strains E. coli (DSM 682), S. enterica serovar Typhimurium (DSM 19587)
and L. monocytogenes (DSM 20600) were used in this study. All strains originated from the
German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany).
The strains were stored in cryopreservation tubes (Mast Diagnostica GmbH, Reinfeld,
Germany) at −80 ◦C. For strain revival, one cryopellet was taken from each tube, streaked
onto Columbia agar with sheep blood (Oxoid GmbH, Wesel, Germany) and incubated
for 24 h at 37 ◦C. For cultivation, an overnight culture was subsequently prepared on
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Columbia agar supplemented with sheep blood and incubated at 37 ◦C for 24 h. The
bacterial cells from this culture were then suspended in 4–7 mL of sterile 0.85% NaCl
solution (0.85% NaCl and 0.1% peptone; Carl Roth GmbH & Co. KG, Karlsruhe, Germany)
to produce the respective inoculation suspension. The turbidity of the suspensions was
adjusted to a McFarland standard of 1.5 using a Densimat device (bioMérieux Deutschland
GmbH, Nürtingen, Germany), which corresponds to a concentration of approximately
108 CFU/mL. Microbiological analyses were conducted according to the respective ISO
standards [36–38].

2.2. In Vitro Experiments with Tb-PAW

Preparation/Production of TRIS and TRIS-buffered PAW with the amounts of the
most important chemical constituents (NO3, NO2, H2O2) are described in Scheib et al. [39]
and Große-Peclum et al. [29,33]. The experimental procedure was performed according to
Große-Peclum et al. [33].

For each bacterial strain, an inoculation suspension was first prepared in accordance
with Section 2.1. For each experiment, 9 mL of Tb-PAW or TRIS-buffer was pipetted into
sterile reagent tubes and mixed with 1 mL of the respective bacterial suspension. The
suspensions were mixed carefully (Vortex, IKA® Genius 3, IKA®-Werke GmbH & Co.
KG, Staufen, Germany) and then incubated at room temperature. For E. coli and S. Ty-
phimurium, exposure times of 1, 5, 10 and 15 min were investigated. For L. monocytogenes,
additional exposure times of 20, 25 and 30 min were investigated, as preliminary experi-
ments had shown heterogeneous reaction behavior towards Tb-PAW. At each time point,
1 mL of the suspension was taken, diluted tenfold in NaCl–peptone solution (0.85% NaCl
and 0.1% peptone, Carl Roth GmbH & Co. KG, Karlsruhe, Germany) according to ISO
6887-1:2017 [40], and 100 µL of the corresponding dilutions were plated in duplicate on
selective agar. For E. coli, Brilliance™ E. coli/Coliform Selective Agar (Thermo Scientific™,
Fisher Scientific GmbH, Schwerte, Germany) was used, while Brilliance™ Salmonella Agar
(Oxoid GmbH, Wesel, Germany) was used for S. Typhimurium and Brilliance™ Liste-
ria Agar (Oxoid GmbH) for L. monocytogenes. Incubation (Memmert GmbH & Co. KG,
Schwabach, Germany) was carried out aerobically at 37 ◦C for 24 h for E. coli and for 48 h
for L. monocytogenes and S. Typhimurium. After incubation, the colonies were counted,
and the bacterial counts were calculated as CFU/mL. Three independent experiments
were performed for E. coli and S. Typhimurium. Due to variable reaction behavior, five
independent experiments were conducted for L. monocytogenes.

2.3. Application of Tb-PAW on Meat Samples
2.3.1. Meat Samples and Sample Preparation

Meat samples from water buffalo (Bubalus bubalis) and cattle (Bos taurus) were used for
the decontamination experiments. One M. longissimus dorsi was analyzed per experiment
and animal species. The meat was vacuum-packed and frozen, sourced from a commercial
supplier (Büffel Bill Deutschland GmbH, Konstanz, Germany) and stored at −18 ◦C until
use. At 48 h prior to the experiments, the meat pieces were removed from the freezer and
thawed at 4 ◦C in a refrigerator (Liebherr-Hausgeräte GmbH, Ochsenhausen, Germany).
On the day of the experiment, the meat was cut into samples measuring 1 × 3 × 3 cm. The
individual samples were then transferred to separately labeled Petri dishes (Sarstedt AG &
Co. KG, Nümbrecht, Germany). The dimensions of the samples were chosen so that they
could be positioned in the center of the Petri dish without the lid or side walls touching the
meat surface.
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2.3.2. Design of the Prototype System

A specially designed prototype system developed and manufactured at HAWK was
used to treat the meat samples (Figure 1). The system enabled the semi-automated treatment
of meat samples via spray application of Tb-PAW. The prototype was operated using a
standard 230 V power supply and was equipped with a central control unit. An integrated
conveyor belt was used to transport the samples during the treatment process. The speed
and direction of the conveyor belt could be set manually via the control unit. In addition,
the system was equipped with a switchable extraction unit for the controlled removal of
aerosols and gases generated during the treatment process. The spray application unit
consisted of a pneumatic atomizing nozzle (M5 B, Landefeld Druckluft und Hydraulik
GmbH, Kassel, Germany), operated with filtered compressed air at an operating pressure
of 1–5 bar and an atomization rate of 0.05–0.2 L/min. Compressed air was supplied by an
external compressor (TE-AC 270/50 Silent Plus, Einhell, Landau/Isar, Germany) with a
50-liter compressed air reservoir. The nozzle had an orifice diameter of 0.3 mm and was
used for the atomization of Tb-PAW, enabling atomization of the Tb-PAW. The spray head
was vertically adjustable, allowing the distance between the nozzle and the sample surface
to be varied as required. The spraying process was activated via the control unit. The spray
duration could be adjusted in millisecond increments and thereby controlled the amount of
Tb-PAW applied to the sample.

 

Figure 1. Functional model for semi-automated spray treatment with plasma-activated water (PAW).
Meat samples are placed in Petri dishes in the protective chamber from the left or right and can be
moved along a conveyor belt. The spray head assembly, which is supplied with PAW via a hose
system, is visible in the upper right corner. The system is operated via the touchscreen display, and
settings can be adjusted for conveyor belt movement, ventilation, and spray application. To enable
future combination with other application methods, the protective chamber was designed in an
elongated shape, allowing for sequential decontamination steps.
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2.3.3. Tb-PAW Treatment of Inoculated Buffalo and Beef Samples

The meat samples were inoculated with 100 µL of the respective bacterial suspension.
The suspension was spread evenly over the sample surface (20.25 cm2) using a sterile
spatula (Delta™, Carl Roth GmbH & Co. KG, Karlsruhe, Germany). The samples were
then incubated for 20 min at room temperature to allow the microorganisms to attach to
the sample surface [24,25]. The treatments with Tb-PAW were carried out on inoculated
buffalo and beef samples in three independent experiments. The meat samples were treated
with Tb-PAW and the corresponding TRIS-buffer control according to the functional model
described. The spray volume was set to 0.5 mL to ensure complete wetting of the sample
without promoting possible rinsing of the bacteria and was verified gravimetrically using a
tared Petri dish. Each sample was sprayed once, with the spray head positioned perpendic-
ular to the sample surface at a constant distance. Exposure times of 1, 5, 10 and 15 min were
selected for the treatment, based on preliminary experiments conducted in-house. Each
sample treated with Tb-PAW was compared with a corresponding TRIS-treated control
sample with an identical exposure time. This comparison served to control a possible rins-
ing effect to ensure that any observed reduction in bacteria was attributable to the effect of
the Tb-PAW. Between applications of TRIS-buffer and Tb-PAW, the tubing was rinsed three
times with sterile distilled water. In addition, an inoculated but untreated control sample
was examined for each microorganism tested. The microbiological examination of the meat
samples was carried out in accordance with ISO 17604:2015 [41] using a two-stage swab
method. Due to the moisture film on the sample surface caused by the spray treatment,
two dry sterile swabs were used. The sample surface was swabbed twice in a meander-
ing pattern, rotating the swab over the surface and turning the sample 90◦ between the
two passes. Both swab tips were then transferred to a 10 mL tube containing NaCl-peptone
solution (0.85% NaCl and 0.1% peptone, Carl Roth GmbH & Co. KG, Karlsruhe, Germany)
and homogenized using a vortex mixer. The suspensions were then serially diluted in
powers of ten and plated on selective agar. Further processing of the samples, including the
culture media used and incubation conditions, was performed as described for the in vitro
experiments (Section 2.2.). After incubation, the colonies were counted and calculated
as CFU/cm2.

2.3.4. Color Analysis

Immediately after swabbing, the CIE L*a*b* color values of the sample surface were
determined at three different measurement points using a colorimeter (Minolta CR-400,
Konica-Minolta GmbH, Langenhagen, Germany) and subsequently averaged.

2.3.5. Myoglobin Redox Form Analysis

The influence of the treatments on the myoglobin redox forms of buffalo and beef
samples (deoxymyoglobin (DeoMb), oxymyoglobin (OxyMb), and metmyoglobin (MetMb))
was determined. The determination of the myoglobin redox forms followed the method
described by [42] with minor modifications. Samples were prepared as described above.
Three treatment groups were considered for each animal species: an untreated control, a
sample treated with TRIS-buffer and a sample treated with Tb-PAW. After treatment of
the meat samples (1 min, plus a uniform delay period for all samples until the start of the
analysis), a layer approximately 1 cm thick was removed from the surface. The removed
tissue was then cut into small pieces and stored at −18 ◦C until analysis. To determine
the myoglobin redox forms, 2.8–3.0 g of the frozen sample material was weighed into
centrifuge tubes (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) and mixed with 7 mL
of phosphate-buffered saline (PBS; 1 tablet per 1 L distilled water, Carl Roth GmbH + Co.
KG). The samples were then homogenized (1 min at 30,000 rpm) on ice using a rotor-stator
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homogenization unit (MiniBatch D-9, MICCRA GmbH, Heitersheim, Germany). After each
sample, the homogenization unit was rinsed three times with cold water to avoid cross-
contamination. The homogenized samples were kept on ice and subsequently centrifuged
at 4 ◦C and 35,000× g for 30 min (SORVALL RC-5C Plus, Kendro Laboratory Products,
Newton, MA, USA). The supernatant was then transferred to disposable cuvettes (BRAND
GmbH + Co. KG, Wertheim, Germany) and analyzed at room temperature in a UV-VIS
spectrophotometer (Evolution 201, Thermo Scientific, Langenselbold, Germany). A total of
three independent experiments were analyzed. The relative proportions of DeoMb, OxyMb
and MetMb were calculated according to Tang et al. [43].

2.4. Statistical Analysis

The statistical analysis of the data was performed using SAS Enterprise Guide 7.1 (SAS
Institute Inc., Cary, NC, USA). First, the data were tested for normality using the Shapiro–
Wilk test and for homogeneity of variances using the Levene test. If the assumptions
were met, a one-way analysis of variance (ANOVA) was performed, followed by Tukey’s
HSD test for multiple comparisons. If the assumptions were not met, the non-parametric
Kruskal–Wallis test was used, followed by pairwise comparisons with Bonferroni correction.
Differences were considered statistically significant at p ≤ 0.05.

3. Results
3.1. Effects of In Vitro Application of Tb-PAW and TRIS-Buffer

The results of the in vitro experiments can be seen in Table 1. Comparing Tb-PAW and
TRIS-buffer, the bacterial count for all three microorganisms decreased progressively as
the treatment time of Tb-PAW was extended. However, there are differences among the
bacterial species.

Table 1. Mean value and standard deviation of the bacterial counts achieved for E. coli, S. Ty-
phimurium and L. monocytogenes as a function of exposure time following in vitro treatment with
Tb-PAW 1 compared to treatment with TRIS-buffer 2.

Microorganism Exposure Time [min] TRIS-Buffer Tb-PAW Sig

E. coli

1 6.21 ± 0.43 3.78 ± 0.53 a s
5 5.76 ± 0.32 2.33 ± 1.04 ab s

10 5.75 ± 0.38 0.77 ± 0.68 b s
15 5.78 ± 0.50 0.77 ± 0.68 b s

S. Typhimurium

1 6.51 ± 0.58 6.06 ± 0.69 a ns
5 6.39 ± 0.42 3.93 ± 0.60 b s

10 6.33 ± 0.35 2.29 ± 0.53 bc s
15 6.36 ± 0.36 0.87 ± 0.81 c s

L. monocytogenes

1 7.40 ± 0.20 6.98 ± 0.46 a ns
5 7.29 ± 0.26 6.71 ± 0.76 a ns

10 7.23 ± 0.25 5.85 ± 1.14 ab s
15 7.19 ± 0.30 4.30 ± 2.69 abc s
20 7.21 ± 0.21 3.34 ± 2.51 abc s
25 7.11 ± 0.32 2.31 ± 2.40 bc s
30 7.15 ± 0.23 1.13 ± 1.65 c s

1 Plasma-activated water (Tb-PAW, activated TRIS-buffer); 2 Non-activated buffer (TRIS-buffer);
a,b,c = Different letters within the same column and the same bacteria strain indicate significant
differences (p ≤ 0.05) regarding the exposure time; s = significant differences (p ≤ 0.05) between
TRIS-buffer- and Tb-PAW-treated samples; ns = not significant; N = 3.
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3.1.1. Effect on E. coli

Tb-PAW-treatment led to lower microbial counts of E. coli compared to TRIS-buffer-
treated samples. The results for the effects on E. coli are similar to the findings of other
studies, as Gram-negative bacteria are highly sensitive to PAW [29,34,44]. A prolonged
treatment time led to a higher reduction, as treatment of 10 and 15 min resulted in signifi-
cantly reduced microbial counts. However, in this study, no further reduction or complete
eradication of E. coli could be stated.

3.1.2. Effect on S. Typhimurium

Similar to E. coli, in vitro experiments on S. Typhimurium showed lower microbial
counts after Tb-PAW treatment. Whereas no reduction was achieved after 1 min treatment,
a treatment of 5 min and longer led to a significant reduction. Additionally, a 15 min
treatment showed a reduced microbial count compared to a 5 min treatment.

3.1.3. Effect on L. monocytogenes

For L. monocytogenes, at least 10 min of treatment time are necessary to reduce the
microbial counts compared to 1 and 5 min of treatment. In addition, after 25 min of
treatment, growth of L. monocytogenes was also reduced compared to 10 min of treatment.

3.1.4. General Observation

The in vivo experiments provided valuable insights into the underlying processes.
Whereas E. coli was already significantly reduced by 1 min of treatment, a reduction in
S. Typhimurium and L. monocytogenes can be seen after 5 min and 10 min, respectively.
Since the latter two types of bacteria are Gram-positive, this also shows that they exhibit a
delayed response to reactive nitrogen and oxygen species [29,35]. It is hypothesized that
the thicker peptidoglycan layer provides protection [18,45].

Consistently, time-dependent inactivation was observed in all microorganisms studied.
A longer treatment time leads to a greater reduction in microbial growth. Overall, the
findings of this study are consistent with other published data on the antimicrobial activity
of PAW. Rothwell et al. [46] were able to achieve a bacterial reduction of up to 6 log orders
after just one minute. This research group used PAW from a DBD system and treated
L. monocytogenes, as well as E. coli and S. enterica. Zhao et al. [35] used an atmospheric
cold plasma jet to treat E. coli. After 30 min, a reduction of approximately 3 log levels was
demonstrated; after 3 h of treatment, E. coli was no longer detectable. Using the same
plasma system as in this study, Große-Peclum et al. [33] were also able to demonstrate
significant reductions in E. coli: an exposure time of 1 min resulted in a reduction of
approximately 5 log levels.

In a recent study, Myers et al. [44] investigated the effects of PAW on E. coli using single-
cell impedance flow cytometry. First, the E. coli cell shrinks as a result of the treatment,
as other authors have already observed [47]. Furthermore, they were able to demonstrate
a correlation between the impedance signal and a phase shift in the E. coli populations
(nuances between viable and nonviable cells) depending on the plasma water manufactur-
ing time. Longer activation leads to a higher proportion of RONS and, consequently, to
a stronger antibacterial effect. These results may provide insight into the mechanisms of
action of PAW, which may operate in similar or modified forms in other microorganisms.

3.2. Antimicrobial Effect of Tb-PAW Treatment

The results in Table 2 show the reduction in bacterial counts after the application
of Tb-PAW compared to untreated samples. The bacterial counts of the untreated but
inoculated samples of buffalo and beef, respectively, were 4.91 ± 0.07 log10 CFU/g and
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5.21 ± 0.07 log10 CFU/g for E. coli, 5.25 ± 0.07 log10 CFU/g and 5.26 ± 0.10 log10 CFU/g for
S. Typhimurium, 4.55 ± 0.04 log10 CFU/g and 4.62 ± 0.07 log10 CFU/g for L. monocytogenes.
For buffalo and beef meat, results of 1 min to 15 min (E. coli and S. Typhimurium) and
up to 30 min (L. monocytogenes) are given, showing the potential of Tb-PAW by significant
reductions for all three microorganisms. Although the use of Tb-PAW also reduces bacterial
counts in meat, this effect is significantly weaker compared to the in vitro studies.

Table 2. Mean values and standard deviation of the bacterial count reduction achieved for E. coli,
S. Typhimurium and L. monocytogenes as a function of exposure time following treatment with
Tb-PAW 1 compared to treatment with TRIS-buffer 2, for buffalo meat and beef, respectively.

Animal Species Exposure Time [min] E. coli Sig S. Typhimurium Sig L. monocytogenes Sig

buffalo

1 0.50 ± 0.13 s 0.36 ± 0.05 s 0.47 ± 0.03 ns
5 0.46 ± 0.19 s 0.47 ± 0.18 s 0.42 ± 0.22 s

10 0.47 ± 0.22 ns 0.32 ± 0.07 ns 0.33 ± 0.13 ns
15 0.41 ± 0.11 s 0.05 ± 0.20 s 0.50 ± 0.18 ns

beef

1 0.75 ± 0.50 s 0.58 ± 0.06 s 0.42 ± 0.12 s
5 0.50 ± 0.26 s 0.34 ± 0.02 ns 0.54 ± 0.26 s

10 0.56 ± 0.22 s 0.69 ± 0.34 s 0.42 ± 0.19 ns
15 0.82 ± 0.42 s 0.53 ± 0.09 s 0.37 ± 0.08 s
1 Plasma-activated water (Tb-PAW, activated TRIS-buffer). 2 Non-activated buffer (TRIS-buffer).
s = significant reduction (p ≤ 0.05) compared to treatment with TRIS-buffer; ns = not significant;
N = 3.

3.2.1. E. coli

For E. coli, similar effects are found for buffalo and beef meat, respectively. On buffalo
meat, treatment times of 1, 5 and 15 min led to a lower bacterial count. However, this effect
was not observed for a 10 min treatment time. For beef meat, a reduction for all treatment
times was found. It must be noted that prolonged treatment (1 to 15 min) does not lead to a
higher reduction in bacteria counts.

3.2.2. S. Typhimurium

For S. Typhimurium, again, similar results are found for buffalo and beef meat. Treat-
ment with Tb-PAW for 1, 5 and 15 min led to a reduced microbial growth compared to
TRIS-buffer. As for E. coli in buffalo meat, there was no significant difference for 10 min
treatment. In beef meat, 1, 10 and 15 min treatments reduce the growth of S. Typhimurium,
but no reduction was found for a 5 min treatment.

3.2.3. L. monocytogenes

As for E. coli and S. Typhimurium, Tb-PAW can be used to significantly reduce the
growth of L. monocytogenes on buffalo and beef meat. However, on buffalo meat only a
5 min treatment time led to a significant reduction. This effect could not be strengthened
by a prolonged treatment duration. In contrast, 1, 5 as well as 15 min Tb-PAW-treatments
reduce the growth of L. monocytogenes on beef in a similar manner. Again, there was no
stronger effect due to a longer treatment time.

3.2.4. General Observation

Generally, the antimicrobial effect of Tb-PAW is comparable for buffalo and beef
meat. In contrast to in vitro experiments, a prolonged treatment time does not increase the
reductive effect of Tb-PAW on meat samples.

When considering the comparability of the results from different publications, it is
important to keep in mind that the settings used during the production of plasma water
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have a decisive influence on the composition and inactivation capacity of the liquid. In
addition, there are individual conditions specific to each experimental setup—such as meat-
related factors, temperature, the method of applying the plasma water, and others—that
can ultimately lead to differences in the study results.

Methodologically, this study employed spraying of the liquid to specifically wet the
surface and avoid rinse-off effects. On a positive note, it is worth mentioning that this
approach allows for resource-efficient use of the PAW itself. In contrast, Barrales Astorga
et al. [48] completely immersed the samples in PAW for up to 300 s. In their publication,
they were able to reduce S. Typhimurium and E. coli by 5.9 and 4.0 log levels, respectively.

A lower reduction effect on meat matrices compared to in vitro studies has already
been reported on several occasions. Große-Peclum et al. [33] were unable to reduce E. coli
on poultry skin—neither immediately after PAW-application nor during a storage period
of 14 days. Similarly, Sammanee et al. [49], who investigated E. coli and S. Typhimurium,
were able to reduce the CFU/g by only 0.08 log when using a combination of PAW and
hydrogen peroxide (60 ppm). Interestingly, unlike the use of pure water, this treatment did
not result in a significant reduction in the bacterial load. In contrast, after two weeks of
storage, a significant difference in E. coli counts was observed in duck skin—but only in the
Tb-PAW samples, not in the control samples or in the TRIS-buffer-treated samples [33]. This
suggests the possibility of long-term effects that may be relevant in the future, depending
on the shelf life of the individual foods. Nevertheless, the microbicidal effect of (Tb)-PAW
on animal-derived matrices (e.g., meat, skin) is evidently reduced.

The more complex structure of animal tissue can be assumed to be the cause for
the lower microbicide potential here. Both an irregular surface and cavities can provide
microorganisms with better adhesion. On the skin, hair, fats, proteins, and other interfering
factors such as dirt also play a significant role (e.g., by shielding effects); similar to what
happens on the meat itself, they can interact with the PAW and weaken its microbicidal
effect [34,50–52]. The fact that no differences were observed between the animal species
indicates that the meat has similar characteristics and that Tb-PAW exhibits fundamentally
comparable antimicrobial efficacy in buffalo and beef. In contrast to the in vitro experiments,
the efficacy cannot be enhanced by extending the treatment time. It can be assumed that
the short-lived reactive species react relatively more quickly on a complex meat matrix, e.g.,
through interactions with interfering factors such as moisture, fat, or proteins [53,54].

Experiments on the influence of an interfering factor were also conducted by Große-
Peclum et al. [29], which were presented in the context of the efficacy of Tb-PAW against
pathogens associated with a hoof disease (Mortellaro) in cattle. In this study, bovine serum
albumin (BSA) (concentration 5%) was used to simulate the presence of an animal protein
on the skin surface. It was found that as the concentration of BSA increased, a decrease
in the microbicidal activity of Tb-PAW was observed. In conclusion, it should be noted
that the interaction of PAW with factors on the surface of animal products results in a
reduced effect.

As can be seen in Table 2, all three bacteria strains are reduced on buffalo and beef
when treated with Tb-PAW compared to the buffer. It is interesting to note that a longer
exposure time does not necessarily result in a greater reduction in bacterial counts; in
some cases, the reduction is actually smaller. This is likely due to the interaction of the
Tb-PAW with matrix-specific factors [33–35]. Depending on which substance the RONS
encounter, they react differently. In the case of contact with a bacterium, this can lead to a
reduction in bacterial counts [28,29,32,33]. On the other hand, the initial contact may also
occur with a different cell, whose reaction does not lead to a reduction in bacterial counts
but nevertheless results in the loss or redirection of the RONS’s reactivity. Furthermore, the
observation that the microbicidal effect is reduced with longer exposure times compared to
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a one-minute application should not be overemphasized, as the reported values are based
on the results of three independently repeated runs. The low standard deviations indicate
that the results were consistent across the three replicates. Since a plate count method was
used here, inaccuracies of up to 0.3 log10 are inherent to the method [55].

In general, the reduction ranges from 0.41 to 0.82 for E. coli, from 0.05 to 0.69 for
S. Typhimurium, and from 0.33 to 0.54 for L. monocytogenes. It is debatable whether this
reduction is actually attributable to a microbicidal effect of PAW. With regard to possible
wash-off effects, it can be ruled out that these results are intentionally based on the reduction
relative to treatment with TRIS-buffer, since in that case a potential error relative to the
untreated control would have occurred due to the methodology as well (cf. 2.3.3.). However,
it should be kept in mind that the evaluation of the TRIS-buffer-treated samples was carried
out using the same procedure, and relatively speaking, a reduction in bacterial counts
due to PAW is still evident for all three bacteria, for all four exposure times, and on both
meat matrices.

Overall, therefore, the PAW has been shown to have microbicidal efficacy; however,
this efficacy is still low compared to that of other methods used for disinfection. Accord-
ing to the guidelines for disinfectant testing [56], a reduction of 4 log levels is required
for a substance to be labeled as such. In this regard, further adjustments to PAW and
research into interactions with potential (interfering) factors are needed to enhance its
microbicidal efficacy.

3.3. Influence on Meat Color

For untreated samples, there were no differences between buffalo (L* = 37.67;
a* = 19.65; b* = 9.56) and beef meat (L* = 39.16; a* = 17.40; b* = 8.67) over the course
of treatment (storage of up to 15 min in parallel to the treated samples with TRIS-buffer
and Tb-PAW, respectively).

The color differences that are related to the treatment are presented in Table 3, and the
relevance for visible color changes is shown in Table 4. Applying the TRIS-buffer did not
result in any color change in buffalo and beef meat, respectively. In contrast, the treatment
with Tb-PAW resulted in color differences, which increased with treatment duration and
led to visible color differences (Figure 2).

 

Figure 2. Color differences in buffalo (top row) and beef meat (bottom row) of untreated samples
and after application in relation to treatment time (1, 5, 10, 15 min) with Tb-PAW.
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Table 3. Mean values and standard deviations of the difference in CIE-Lab color values between
the respective treatment times with Tb-PAW 1 and the untreated samples of buffalo and beef meat,
respectively.

Animal Species Exposure Time [min] ∆L* 2 ∆a* 3 ∆b* 4

buffalo

1 2.68 ± 1.45 2.73 ± 0.53 0.93 ± 0.15
5 3.10 ± 2.17 6.10 ± 1.49 1.24 ± 0.26
10 2.28 ± 0.95 9.10 ± 0.59 1.46 ± 0.54
15 2.45 ± 1.64 10.08 ± 0.49 +a 1.47 ± 0.34

beef

1 0.57 ± 1.52 1.58 ± 1.79 −0.31 ± 0.58
5 2.08 ± 0.90 5.52 ± 0.45 0.65 ± 0.47
10 1.11 ± 2.91 + 8.02 ± 0.99 0.67 ± 0.71
15 1.21 ± 2.89 8.39 ± 0.73 b −0.07 ± 0.58

1 Plasma-activated water (Tb-PAW, activated TRIS-buffer); 2 ∆L*; 3 ∆a*; 4 ∆b* = difference between
the untreated measurement (control) and the treated measurement for the CIE Lab color values
(L* = lightness, ∆L*: positive values = darkening, negative values = lightening; a* = red–green axis,
∆a*: positive values = decrease in redness, negative values = increase in redness; b* = yellow–
blue axis, ∆b*: positive values = decrease in yellowness; negative values = increase in yellowness);
a,b = different letters within the same column indicate significant differences (p ≤ 0.05) between
buffalo and beef meat; + = samples analyzed using the Kruskal–Wallis Test; N = 3.

Table 4. Color distance (∆E) of buffalo and beef meat samples between untreated samples, TRIS-buffer
1-treated samples and Tb-PAW 2-treated samples.

Animal Species Treatment TRIS-Buffer
1 min

TRIS-Buffer
5 min

TRIS-Buffer
10 min

TRIS-Buffer
15 min

buffalo control 0.7 a 0.59 a 1.44 b 1.31 b

beef control 1.84 b 0.60 a 0.88 a 0.98 a

Treatment Tb-PAW
1 min

Tb-PAW
5 min

Tb-PAW
10 min

Tb-PAW
15 min

buffalo control 3.94 c 6.95 d 9.49 d 10.47 d

beef control 1.71 b 5.93 d 8.13 d 8.48 d

1 Non-activated buffer (TRIS-buffer). 2 Plasma-activated water (Tb-PAW, activated TRIS-buffer);
a = not detectable by consumers; b = detectable by trained persons; c = clear difference in color;
d = two different colors are detected; N = 3.

3.3.1. Buffalo Meat

For buffalo samples, Tb-PAW-treatment led to lower a* results compared to the control
and TRIS-buffer groups. There are effects of the treatment duration, as 5, 10 and 15 min
led to lower a* values after 1 min, but 10 and 15 min also resulted in significantly lower
a* values than 5 min treatment.

As significant differences might be detected via instrumental analysis, a different color
perception by the consumers is not given in all cases. Therefore, the ∆E values are used [57].
Values of ∆E between 0 < 1 are assumed to be an unnoticeable difference, whereas ∆E
between 1 < 2 indicates that color differences are only noticed by experienced observers.
For ∆E between 2 < 3.5, the differences are also noticed by unexperienced observers and for
∆E 3.5 < 5 the color difference is clearly noticeable. Finally, values > 5 give the impression
of two different colors [58].

Regarding Table 4, treatment with TRIS-buffer does not lead to visible color differences
in buffalo meat. In contrast, Tb-PAW led to relevant differences, even after 1 min of
treatment, compared to untreated meat samples. A treatment duration of 5 min (as well
as for prolonged treatment times) resulted in the perception of two different colors of the
buffalo meat samples.
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3.3.2. Beef Meat

Similar to this, no effects of TRIS-buffer are found for beef meat. However, Tb-PAW
treatment (5, 10, 15 min) led to lower a* values in beef samples compared to control
and TRIS-buffer-treated samples. Regarding the Tb-PAW-treated samples, a* values are
significantly lower for treatment duration of 5, 10 and 15 min compared to 1 min treatment.

Regarding the ∆E values (Table 4), TRIS-buffer treatment does not result in relevant
color changes compared to the beef control sample. For Tb-PAW, similar results as in
buffalo meat are observed. Treatment times for 5 min and longer led to the perception of
two different colors of the beef meat samples compared to untreated samples.

3.3.3. General Observation

As color of meat is one of the most contributing factors to consumers’ decision to buy
a product [57], this aspect is of high relevance. Results presented in Figure 2 demonstrate
the changes in color during the treatment time in an impressive manner. As can be seen in
Table 4, the effect of Tb-PAW is higher on buffalo meat than on beef meat at all treatment
times (∆E of 10.47 to 8.48, respectively, after 15 min of treatment).

Compared to the untreated sample and the sample treated with buffer, a color change
was observed in the meat of both animal species. However, a difference becomes apparent
upon closer examination: the reduction in the a* value after 15 min was significantly greater
in buffalo meat than in beef. Results might be interpreted as indicating that buffalo meat is
more sensitive to oxidative processes.

Similar findings have also been published previously. For example, Große-Peclum
et al. [33] were able to demonstrate species-specific differences in poultry meat: Tb-PAW
did not result in any visual changes in chicken meat, whereas in duck meat, the a* value
decreased by 4.0 units.

Barrales Astorga et al. [48] made similar observations with beef. Their PAW experi-
ments resulted in a reduction of a* values by 0.9 units after 20 min, while L* and b* remained
unchanged. This research group considers the deviations to be moderate and comparable
to color changes that can also be observed after the application of lactic acid.

However, the present changes show a significantly greater deviation from the un-
treated meat—both for buffalo and beef. This may be due to differences in sample prepa-
ration methods or the nature of the meat itself. However, the individual composition of
the plasma waters used very likely plays a role here. Depending on the manufacturing
process, storage time, temperature, and other factors, different proportions of reactive
species are present. Accordingly, the reaction of the PAW with the respective meat matrix
varies significantly from case to case.

Due to the reduction in the red pigment content and the presence of reactive oxygen
and nitrogen species, changes in the myoglobin variants in the meat may have occurred.

3.4. Influence on Proportions of Myoglobin

As presented in Table 5, significant differences can be found for MetMb and OxyMb
for buffalo and beef meat. Again, there were no differences between untreated control
and TRIS-buffer-treated samples for both species. However, the Tb-PAW-treated samples
developed a higher proportion of MetMb and a lower proportion of OxyMb compared to
untreated or TRIS-buffer-treated meat samples. Higher proportions of MetMb lead to a
diminished red coloration and an overall impression of a brown or gray color [59,60].

As expected, a shift in these myoglobin variants is likely to result in a change in meat
color. Oxidized forms of myoglobin typically exhibit brownish-gray hues [61]. Fröhling
et al. [62] describe how hydrogen peroxide (H2O2) is capable of oxidizing OxyMb (iron
as Fe2+, O2 bound on the 6th ligand) to MetMb (iron as Fe3+, H2O or OH− on the 6th
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ligand) [63]. Since hydrogen peroxide, among others, is a confirmed component of Tb-
PAW [64,65], a similar mechanism is suggested for the present results. Hydrogen peroxide
can react with Fe2+, producing both hydroxide ions (OH−) and highly reactive hydroxyl
radicals (·OH), a radical formation process called “Fenton reaction” [66]. Other research
groups have also reported that contact between hydrogen peroxide and myoglobin led
to color changes [67]. Chen et al. claimed the accumulation of active H2O2-species to be
the main reason, leading to green discoloration of myoglobin [67]. This assumption is
additionally supported by the fact that no shift in myoglobin variants is observed during
treatment with TRIS-buffered solution in this study.

Given that appearance and color are decisive factors in the decision to purchase
meat products [60], these findings must be taken into account when considering future
applications. Studies by Hood and Riordan [68] have already shown that a MetMb content
of 10% can lead to a drop in sales of up to 40%. Experienced test subjects describe the
meat color as brownish when the MetMb content is 37% [69]. Accordingly, a noticeable
brownish discoloration is clearly to be expected in the meat samples treated with Tb-PAW.
This is consistent with the interpretation of the ∆E-values (Table 4) [58], according to which
both the untreated and the TRIS-treated meat exhibit a noticeably different color than the
Tb-PAW-treated meat.

Interestingly, Barrales Astorga et al. [48] were unable to confirm these color changes
through treatment with PAW. The levels of OxyMb, DeoxyMb, and MetMb remained
comparable to those in untreated samples. As previously suspected when examining the
color values, the different preparation and composition of the plasma waters may play a
decisive role here.

This is further supported by the finding that Große-Peclum et al. [33], using the same
Tb-PAW prepared as in this study, also observed changes in the myoglobin fractions. In
contrast to the findings of this study, however, measurable shifts in chicken meat did not
occur until after 14 days of storage. Similarly, this was also observed in duck meat during
the storage period.

It should be noted, however, that the immediate changes observed by Große-Peclum
et al. [33] were significantly smaller: MetMb levels increased by only 2% and 3%, respec-
tively, in chicken and duck on the day of treatment.

The effects on buffalo and beef, however, were much more pronounced immediately
after treatment. As shown in Figure 1, the color change in the Tb-PAW-treated samples
is immediately visible to the naked eye in both species. The MetMb content increased by
approximately 56% in each case, suggesting a strong oxidative reaction in the muscle tissue
of buffalo and cattle.

Table 5. Mean values and standard deviations of the proportions of myoglobin variants in the
untreated control and after treatment with TRIS-buffer 1 or Tb-PAW 2, respectively, for buffalo and
beef meat.

Animal Species Myoglobin Variant [%] Control TRIS-Buffer Tb-PAW

buffalo
DeoxyMb 5.69 ± 1.11 6.01 ± 0.79 5.69 ± 1.29

MetMb 35.48 ± 4.69 b 34.65 ± 2.96 b 91.92 ± 2.13 a

OxyMb 58.87 ± 4.03 a 59.29 ± 1.99 a 2.38 ± 0.90 b

beef
DeoxyMb 6.17 ± 0.86 5.96 ± 0.76 5.80 ± 0.41

MetMb 35.84 ± 3.81 b 34.59 ± 2.80 b 91.58 ± 0.58 a

OxyMb 57.88 ± 4.05 a 59.39 ± 2.11 a 2.62 ± 0.20 b

1 Non-activated buffer (TRIS-buffer). 2 Plasma-activated water (Tb-PAW, activated TRIS-buffer);
a,b = different letters within the same row indicate significant differences (p ≤ 0.05) between control
or treatment (TRIS-buffer or TB-PAW, respectively); N = 3.
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Although the presented results show only a slight (but significant) microbicidal effect
of Tb-PAW on the meat of the two animal species, in light of the good in vitro reductions, it
appears worthwhile to continue working on the application of Tb-PAW on meat. However,
the sensory effect on meat color is a particularly relevant observation that must not be
neglected in follow-up studies. Following Chen et al., future research could focus on
applying this method to meat with a lower myoglobin content or on using PALs with low
oxidation potential to prevent discoloration of the meat [67].

Furthermore, it is also interesting to determine whether the treatment results in further
changes in meat quality in terms of sensory characteristics, nutritional values, and shelf life.
In this regard, a particularly relevant approach may be to examine the oxidative processes
in fats—which can lead to rancid flavors—and to conduct corresponding storage tests.
Interestingly, the research group led by Barrales Astorga et al. [48] found no evidence of
increased lipid oxidation in beef compared to treatment with lactic acid. They suspect that
the presence of NO2 in the plasma solution is the cause, but also note that this result may
vary depending on the specific plasma-activated liquid used. This must be specifically
analyzed prior to any future industrial use of Tb-PAW.

4. Conclusions
Bacterial counts of E. coli, S. Typhimurium and L. monocytogenes can be reduced by the

application of Tb-PAW. Whereas the microbicidal effect in vitro is higher, reductions on
meat samples from buffalo and beef are lower regarding matrix-related interactions. There
are differences in the efficacy of the reduction in relation to the treatment time as well as
the microorganism itself. However, reductions up to 0.8 (E. coli), 0.69 (S. Typhimurium)
and 0.54 (L. monocytogenes) can be achieved on meat matrix (beef), but also for buffalo
meat (0.50; 0.47 and 0.50 for E. coli, S. Typhimurium and L. monocytogenes, respectively).
No species-related differences in microbicidal effect were detected. Also, a clear relation
between reduction in microbial growth and treatment duration could not be shown.

For sensory appearance, application of Tb-PAW resulted in clearly visible color
changes, both in buffalo and in beef meat samples. As a strong influence of the pro-
portions of myoglobin-redox forms was stated, the darker and more gray impression of
meat can be due to a higher proportion of MetMb and lower OxyMb content.

Given the significant role that the visual appearance of food plays in purchasing
decisions, further research is needed in this area. At this time, it can be assumed that, due
to sensory differences, the chosen form and timing of application cannot be used for the
treatment of buffalo and beef. Furthermore, a better understanding of the PAW–matrix
interaction is of interest in order to be able to use PAW specifically as a decontamination
agent even on complex matrices. The results highlight both the potential and the knowledge
gaps of research in the application of plasma-activated liquid in the context of meat and
food hygiene.
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Abbreviations
The following abbreviations are used in this manuscript:

* Significant reduction
∆E Delta E
µmol Micromole
a* Color value, CIElab, red to green axis
◦C Degree Celsius
b* Color value, CIElab, blue to yellow axis
CFU Colony Forming Units
cm, cm2 Centimeter, square centimeters
E. Escherichia
et al. et alii, and others
e.g., For example
g Gram(s)
× g g-force, standard Earth gravity (9.81 m/s2)
Fe2+ Ferrous ion
Fe3+ Ferric ion
h Hour(s)
H2O Dihydrogen monoxide, water
H2O2 Hydrogen peroxide
kHz Kilohertz
kV Kilovolt
L Liter(s)
L. Listeria
L* Color value, CIElab, lightness
MetMb Metmyoglobin
min Minute(s)
mL Milliliter
mm Millimeter
mol Mole
N Size of the entire population, total number of observations
ns Non-significant
OH− Hydroxide ion
·OH Hydroxyl radical
OxyMb Oxymyoglobin
PAL Plasma-activated liquid
PAW Plasma-activated water
pH Potential of hydrogen, pondus hydrogenii
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ppm Parts per million
RONS Reactive oxygen and nitrogen species
s Significant
s, s2 Second(s), square seconds
S. Salmonella
Tb-PAW TRIS-buffered-Plasma-activated water

TRIS-buffer
Buffer from TRIS(hydroxymethyl)aminomethane (≥99.8%) and
TRIS(hydroxymethyl)aminomethane hydrochloride (≥99.0%)

V Volt
W Watt
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