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Abstract  This study investigated the efficacy of non-thermal cold plasma treatment in 
enhancing the safety of prosciutto by inactivating microorganisms while preserving its 
essential properties. No consistent trends were observed in the prosciutto samples 
regarding appearance, pH, water content, water-holding capacity, and filter-paper fluid 
uptake with increasing treatment duration. No significant differences were observed in 
hardness or water activity among the samples. In contrast, volatile basic nitrogen levels 
decreased with treatment duration, except at 9 min, while the values of 2-thiobarbituric 
acid reactive substances increased, likely owing to the inhibition of endogenous enzyme 
activity and spoilage microorganisms that produce ammonia and trimethylamine. The 
levels of active hepatitis E virus RNA decreased significantly after 3 min of treatment 
and were undetectable after 9 min. Additionally, microbial analyses revealed a reduction 
of approximately 2-Log colony-forming units in Escherichia coli, Listeria monocytogenes, 
Salmonella enterica, Bacillus cereus, and Staphylococcus aureus after 5 min of treatment 
(p<0.05). These findings demonstrate that cold plasma treatment is an effective method 
for microbial inactivation in prosciutto, achieving significant safety improvements while 
preserving the physical qualities of the product. 
  
Keywords  cold plasma treatment, hepatitis E virus, prosciutto, pathogen, food safety 

Introduction 

Foodborne viral infections are significant global health issues, with growing 

understanding over the last several decades (Ranjha et al., 2023). These infections pose 

health risks and restrict global economic growth (Shirazi et al., 2018). Among 

foodborne viruses, the hepatitis E virus (HEV) stands out owing to its prevalence in 

raw and uncooked pork products, which are often associated with human infections 

(Sasaki et al., 2018). The incidence of HEV in pigs has increased over the last decades. 

HEV may cause acute hepatitis and can persist in pork meat even after cooking, 

leading to transmission through contaminated food or water (Ferri and Vergara, 2021). 

Prosciutto, a traditional dry-cured ham, is known for its delicate texture, distinctive   
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flavor, and extended shelf life. However, it is vulnerable to microbial contamination during production and storage, including 

from pathogens such as Staphylococcus aureus and Listeria monocytogenes (Lee et al., 2023; Lee et al., 2024). These 

contaminants pose significant health risks and necessitate effective preservation methods. Traditional thermal pasteurization 

is unsuitable for prosciutto as it may negatively affect its sensory qualities, including flavor and texture, which are critical for 

consumer acceptance. Therefore, there is a growing interest in non-thermal pasteurization technologies, such as cold plasma, 

which can inactivate pathogens while maintaining the desired qualities of the product (Roshanak et al., 2023). This study 

investigated whether the application of cold plasma technology can ensure the safe consumption of prosciutto without 

compromising its sensory attributes. 

Sterilization processes aim to eliminate pathogens and extend shelf life while preserving nutritional quality. While effective 

for liquid foods such as milk, traditional heat treatments may not be suitable for solid foods because of the sensitivity of these 

foods to heat, which can cause undesirable effects (Li et al., 2016). Packaging can reduce the risk of contamination, but 

surface cross-contamination remains a concern, particularly when pasteurization is applied before packaging (Thirumdas et 

al., 2015).  

In recent years, cold plasma has emerged as a promising non-thermal inactivation method in the food industry (Roshanak 

et al., 2023). Frequently referred to as the fourth state of matter, plasma is a quasi-neutralized ionized gas that can generate 

reactive species capable of effectively inactivating pathogens, including bacteria such as Escherichia coli and Bacillus 

subtilis and fungi such as Aspergillus and Penicillium (Mackinder et al., 2020). Cold plasma treatment is particularly 

advantageous because it operates at low temperatures, avoiding the negative effects associated with heat, such as nutrient 

degradation and physical changes in foods (Grabowski et al., 2014). Furthermore, the method is energy-efficient, environmentally 

friendly, and suitable for commercial applications owing to rapid processing and lack of harmful byproducts.  

Cold plasma technology has been observed to improve the sensory quality of meat by maintaining color, enhancing texture, 

and preserving flavor (Hong et al., 2012; Yadav et al., 2019), and it reduces myoglobin oxidation, thereby retaining the fresh 

red color, and increases tenderness by subtly modifying the structure of surface proteins (Mahnot et al., 2019). The treatment 

can reduce microbial activity, extending shelf life without adversely affecting sensory attributes. Moreover, it prevents off-

flavors resulting from spoilage, thereby ensuring a fresher taste (Astorga et al., 2022). Thus, cold plasma technology 

enhances meat quality while preserving the natural sensory characteristics of products. 

This study evaluated the effectiveness of cold plasma compared to traditional sterilization methods, providing a 

comprehensive understanding of its potential as a safer and quality-preserving alternative.  

 

Materials and Methods 

Materials 
Prosciutto and HEV were obtained from OURHOME (Seoul, Korea) and Chung-Ang University (Seoul, Korea), respectively. 

Five pathogens—E. coli, L. monocytogenes, Bacillus cereus, Salmonella enterica, and S. aureus—were diluted in buffered 

peptone water (Difco, Detroit, MI, USA) before use. All chemicals used in the analysis were of reagent quality and acquired 

from a local supplier. 

 

Cold plasma treatment 
A surface dielectric barrier discharge plasma source treated 18 packages. The prosciutto samples (approximately 5×9×0.15 
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cm3, width×length×height) were placed in an acrylic chamber (34×45×42 cm3; Plasma Technology Research Center, Gunsan, 

Korea), in a single layer at regular intervals, and incubated for 0‒9 min. Pure nitrogen gas was introduced at 5 L/min. The 

surface dielectric barrier discharge plasma source was powered by an AC power supply capable of generating an output of up 

to 15 kV at 25 kHz. The cold plasma treatment was applied for varying durations, ranging from 0 to 9 min, with each 

treatment performed on a single package at a time to ensure uniform exposure. Five prosciutto slices from each batch were 

randomly selected for textural analysis, and the remaining slices were used for chemical analysis.  

 

Appearance and color analysis 
Images of prosciutto samples were captured using a digital camera (α350, Sony, Tokyo, Japan). Using a color reader (CR-

10, Konica Minolta Sensing, Tokyo, Japan), the CIE L*, CIE a*, and CIE b* of the samples were measured. Six slices—two 

from each of the three batches (n=6, three batches×two replicates)—were used for color measurements. Total color difference 

(ΔE) was calculated to evaluate the changes between the color parameters of untreated and treated cold plasma prosciutto 

(ΔCIE L*, ΔCIE a*, and ΔCIE b*), as shown in Eq. (1): 

 ΔE = √(ΔCIE L∗)2 + (ΔCIE a∗)2 + (ΔCIE b∗)2  (1) 
 

pH measurements 
After homogenizing the prosciutto samples (5 g) with distilled water (45 mL, pH 5.5) for 60 s at 25℃, the pH of the 

samples was determined using a pH meter (S-220, Mettler Toledo, Zurich, Switzerland). Readings for each sample were 

obtained in triplicate. Before the analysis, the pH meter was calibrated at 25℃ using a standard buffer solution with pH 

values of 4, 7, and 10. Measurements were performed using six slices (two slices from each of the three batches; n=6, three 

batches×2 replicates). 

 

Estimation of water content and water activity 
The water content in the prosciutto samples was evaluated using the heat-drying method (AOAC, 2012), in which 2-g 

samples were placed in a dry oven (OF-105, Daihan Scientific, Wonju, Korea) at 105℃ until a constant weight was reached. 

The water content was calculated by subtracting the final from the initial weight measurement. 

The water activity (aw) of prosciutto was determined using a water-activity meter (WA-160A, Guangzhou Amittari 

Instruments, Guangzhou, China), previously adjusted using a standard solution. The calibration procedure was followed by 

the method by Stępień et al. (2020) with a slight modification. Four saturated salt solutions (LiCl, MgCl2, NaCl, and KCl) 

were prepared at 25℃ with reference aw values of 0.11, 0.33, 0.75, and 0.86, respectively. Water content and aw were 

estimated on six sample slices obtained from each of the three batches (n=6, representing three batches×2 replicates). 

 

Water holding capacity 
To measure water holding capacity (WHC), the method of Choi et al. (2018) was used with minor modifications. Briefly, a 

1-g sample of prosciutto was centrifuged at 3,000×g for 10 min at 4℃. WHC was calculated using the following Eq. (2): 

 WHC (%) = (W2 / W1) × 100 (2) 
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Where, W1 and W2 are the sample weights before and after centrifugation, respectively. This measurement was conducted 

twice per batch (n=6; three batches×two replicates). 

 

Filter-paper fluid uptake measurement  
Drip loss was measured using the filter-paper fluid uptake method, which was developed by Kauffman et al. (1986). This 

method is widely used to assess changes in drip loss of pre-packaged and pre-cut pork muscle because it is simple, accurate, 

and quick. Drip loss of the prosciutto samples due to the plasma treatment was observed. Briefly, the amount of exudate 

absorbed by the paper was expressed in mg of filter-paper fluid uptake. Before being used to absorb fluids from a prosciutto 

sample, the filter paper (Whatman #2; diameter, 42.5 mm) was pre-weighed and weighed again (Kauffman et al., 1986). 

 

Texture profile analysis 
A texture analyzer (CT3, Brookfield, New York, NY, USA) was used to measure the adhesiveness and hardness of the 

samples (Zhou et al., 2019). Samples (1×3×0.15 cm3) were collected using a circular plate probe (TA4/1,000; 38.1 mm in 

diameter) and compressed two times to 50% of their initial height at a speed of 1 mm/s and a trigger load of 100 g. For 

experimental replication, all procedures were repeated five times using a new batch of prosciutto samples (n=15, three 

batches×five replicates). 

 

Assessment of 2-thiobarbituric acid reactive substances  
Lipid oxidation was determined from the 2-thiobarbituric acid reactive substances (TBARS) values (Lee et al., 2021). The 

samples and distilled water were homogenized at a 1:4 ratio. The mixture was filtered, and the filtered sample (0.5 mL) was 

mixed with 4.5 mL of TBA solution (0.375% TBA reagent, 0.25 N hydrochloric acid, and 15% trichloroacetic acid). Then, 

the sample combination was heated for 15 min at 95℃ in a water bath (MaXturdy 45, Daihan Scientific), cooled down for 30 

min at 25℃, and centrifuged at 3,000×g at 25℃ for 10 min. A spectrophotometer (MultiskanTM GO UV/VIS, Thermo Fisher 

Scientific, Waltham, MA, USA) was used to measure the absorbance of the supernatant at 532 nm. Six slices were used for 

this evaluation, with two slices from each of the three batches (n=6, three batches×two replicates). 

 

Volatile basic nitrogen content 
Volatile basic nitrogen (VBN) content was assessed using the Conway microdiffusion method on six slices—two from 

each of the three batches (n=6, two batches×three replicates). After mixing the minced sample with distilled water in a 1:4 

ratio, the mixture was allowed to elute for 30 min. A filter paper (Whatman No. 1, GE Healthcare Life Sciences, Sheffield, 

UK) was used to filter the homogenate. The filtered material (1 mL), 0.01 N H3BO3 (1 mL), and Conway solution (1 mL) 

were added to the outside section of the Conway dish, while a mixture of 0.066% methyl red and 0.066% bromocresol green 

in aqueous ethanol was added to the inner section. The VBN values were calculated using the following Eq. (3): 

 VBN (mg%) = [(A – B) × f × 0.02 × 14.007 × C × 100] / S (3) 
 

Where A is the titration volume (mL) of 0.02 N H2SO4, B is the titration volume (mL) of the blank, f is the factor of H2SO4, 

S is the weight (g) of the sample, and C is the dilution value. 
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Preparation and inoculation of prosciutto 
The samples were prepared according to the method described by Lee et al. (2023) method for testing the effects of cold 

plasma. The package (20 g) was combined with 1 mL of a 50-fold diluted HEV stock [106 plaque-forming units (PFU)/mL] 

and 100 μL of pathogen [103–104 colony-forming units (CFU)/mL] and sealed in sterile polyethylene pouches. After drying, 

the packages were vacuum-packed and subjected to cold plasma treatment for various durations. 

 

Microbiological analysis 
The procedure described by Lee et al. (2023) was used to prepare samples to determine the effects of cold plasma 

treatment. Each sample was aseptically transferred to a filtered stomacher bag (3M Science, Minneapolis, MN, USA), diluted 

with an equal amount of saline water, and homogenized for 5 min. The mixture was centrifuged for 30 min at 10,000×g, 

followed by centrifugation of the supernatant for 15 min at 8,000×g (4℃). The QIAamp Viral RNA Mini Kit (QIAGEN, 

Hilden, Germany) was used to extract RNA from the supernatant according to the manufacturer’s instructions. 

To measure the inactivation of L. monocytogenes and E. coli, each 200-mg sample was suspended in 1.8 mL of sterile 

saline and then diluted multiple times with sterile saline. Next, the samples were homogenized in stomacher bags for 2 min 

using a stomacher blender (BKST-04C, BioKonvision, Gwacheon, Korea). The samples were spread on selective agar plates 

and serially diluted after homogenization. Microbiological parameters were estimated in triplicate for each experiment (n=3, 

one batch×three replicates). 

 

Statistical analysis 
To test the major effect (cold plasma treatment time), the packages were randomized. A linear mixed model was used to 

analyze the data collected in this study. The major variables and their interactions were included as fixed effects and random 

terms of replication (batch) to assess the physicochemical and microbiological parameters. The SPSS software (ver. 24.0, 

IBM, Chicago, IL, USA) and analysis of variance (ANOVA) were used to assess model significance. Duncan’s multiple 

range test was run as a post-hoc method when results regarding the three principal effects (irradiation time, intensity, and 

wavelength) were significant (p<0.05). 

 

Results and Discussion 

Appearance and color 
The visual appearance of meat is a critical factor that influences consumer acceptance and purchasing decisions (Yadav et 

al., 2019). Among the attributes that define meat appearance, color plays a pivotal role in shaping consumer preferences 

(Hong et al., 2012). In this study, the effects of cold plasma treatment on the appearance and color of prosciutto were 

assessed, and the results are provided in Fig. 1 and Table 1.  

Visual observation based on acquired images revealed no substantial changes in the appearance of prosciutto samples 

treated with cold plasma. However, more detailed analyses of color parameters yielded statistically significant differences 

regarding the CIE L* value, which indicates lightness, between the control and cold plasma-treated samples (p<0.05); in 

particular, a value of 43.25 was recorded for the control and a range of values between 44.96 and 47.45 for the treated 

samples. This increase in CIE L* was associated with the duration of plasma exposure, peaking at 7 min and slightly 

decreasing at 9 min, although this final change was not statistically significant (p>0.05).  
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The CIE a* and CIE b* values of the control (untreated) samples were higher than those of the treated samples, indicating 

a shift in color due to the cold plasma treatment. This shift can be attributed to the formation of hydrogen peroxide (H2O2) 

and metmyoglobin during cold plasma processing. Cold plasma generates H2O2 as one of the reactive oxygen species (ROS). 

ROS, including H2O2, is produced by dissociating water vapor in the atmosphere and subsequent reactions with ionized 

particles (Misra et al., 2016). Additionally, cold plasma generates nitric oxide (NO) and other reactive nitrogen species (RNS) 

owing to the interaction of atmospheric nitrogen with the plasma. RNS can react with meat pigments, influencing meat color 

and contributing to oxidation processes (Fröhling et al., 2012). Both ROS and RNS play important roles in the observed 

changes in the physicochemical properties of the treated prosciutto. NO reacts with meat pigments such as myoglobin or 

metmyoglobin to produce NO-myoglobin (bright red) and NO-metmyoglobin (dark brown to red), which are known to 

improve the red color of meat. However, the relevant content was not determined in this study. This could be related to 

marinating processes or treatment conditions (Wang et al., 2021). H2O2 interacts with myoglobin, leading to oxidation and the 

formation of metmyoglobin, which is associated with the browning and greenish tint of meat. The oxidation process is likely 

accelerated with increased processing time, resulting in a higher concentration of metmyoglobin and a corresponding lighter 

color of meat samples (Fröhling et al., 2012). Other aspects regarding the visual appearance of the prosciutto samples, 

particularly the green spots observed on the treated surfaces, can be attributed to the generation of reactive species such as 

 

Fig. 1. Appearance of prosciutto; samples after application of cold plasma treatment for 0 (A), 1 (B), 3 (C), 5 (D), 7 (E), and 9 min (F). 

Table 1. Color measurements of prosciutto treated to cold plasma

Treated time (min) CIE L* CIE a* CIE b* ΔE 

0 43.25±2.37c 9.91±0.95a 8.16±1.23a - 

1 44.96±0.53b 7.92±0.02c 7.64±0.24a 2.70±0.40b 

3 45.99±0.23b 9.73±0.34a 8.05±0.42a 2.79±0.24a 

5 46.79±0.72a 9.60±0.52a 8.04±0.23a 3.07±0.14a 

7 47.45±0.05a 9.26±0.45ab 8.23±0.11a 4.22±0.09a 

9 46.46±0.04a 8.64±0.10bc 8.41±0.10a 3.46±0.04a 
a–c Means with different superscript letters in a column are significantly different (p<0.05). 
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H2O2 during the cold plasma treatment. ROS can oxidize the porphyrin ring in the heme group of myoglobin, resulting in 

pigment transformation and the formation of green compounds, such as verdohematin. The discoloration was visually 

detectable and consistent with the oxidative processes described in previous studies involving plasma treatment (Cheng et al., 

2021). Furthermore, the presence of RNS, including NO, may have contributed to color changes, as they can react with 

myoglobin to form nitrosylated compounds, which further affect the color characteristics of the meat. 

The ΔE values, which represent the overall color difference, ranged between 2.70 and 4.22 across the treatment. According 

to Jung et al. (2003), a ΔE increase of 10-unit or more is required for a visually perceptible color change in meat. Thus, the 

relatively low ΔE values observed in this study suggest that the color changes induced by the cold plasma treatment were 

minimal and likely imperceptible to the naked eye (Fig. 1).  

While these findings align with those of Yadav et al. (2019), who reported no significant color changes in cold plasma-

treated ham, it is essential to consider the potential implications of even minor color alterations. The slight changes in CIE 

L*, CIE a*, and CIE b* values, although not visually significant, could influence consumer perception, especially in a 

commercial setting where product consistency is paramount. Moreover, this study did not assess the long-term stability of 

these color changes, which could be crucial for the shelf life and marketability of cold plasma-treated prosciutto. In summary, 

while cold plasma treatment effectively modified certain color parameters, the changes were minor and did not result in 

noticeable alterations in the appearance of prosciutto.  

 

Moisture-related characteristics 
The effects of cold plasma treatment on water content, aw, WHC, and filter-paper fluid uptake of the prosciutto samples are 

provided in Table 2. These parameters are critical for understanding the impact of cold plasma on moisture dynamics and the 

quality of meat products. The untreated prosciutto sample had a higher water content value than the cold plasma-treated 

samples, except for those at 7 min. The water content in the treated samples generally increased with longer treatment 

duration, except at 9 min, when a slight decrease was observed.  

The aw values of all samples, treated and untreated, did not vary significantly (p>0.05). This indicates that the cold plasma 

treatment did not substantially alter aw, implying that the relative humidity or availability of water in the product remained 

consistent (Pérez-Andrés et al., 2019). The stability of aw despite changes in water content may be due to the balance between 

water release from the meat structure and re-absorption into the product, which preserves the overall aw.  

The WHC of untreated prosciutto was the lowest among the samples. This reduction can be attributed to protein unfolding, 

Table 2. Water-related characteristics of prosciutto treated to cold plasma

Treated time (min) Water content (%) Water activity WHC (%) FFU (mg) 

0 48.18±0.29ab 0.78±0.00a 98.32±0.50c 4.80±0.34ab 

1 46.65±2.11c 0.78±0.00a 98.34±0.08c 3.44±0.12b 

3 46.37±1.39c 0.78±0.00a 98.71±0.19abc 4.22±0.33ab 

5 47.48±0.47bc 0.78±0.00a 98.40±0.24bc 5.52±0.31a 

7 49.03±0.61a 0.78±0.00a 98.07±0.02a 3.15±0.17b 

9 47.01±1.85bc 0.78±0.00a 98.77±0.09ab 3.50±0.23b 
a–c Means with different superscript letters in a column are significantly different (p<0.05). 
WHC, water holding capacity; FFU, filter-paper fluid uptake.  
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which occurs due to oxidation induced by the cold plasma treatment. Wang et al. (2021) reported that cold plasma generates 

reactive species such as ROS and RNS. Interactions between these reactive species and proteins can lead to oxidation. 

Oxidative stress leads to the formation of cross-links between proteins and water molecules, effectively increasing the WHC 

of the treated samples (Zhao et al., 2020). No significant differences were observed in WHC among the treated samples, 

although a slight increase was noted with longer processing times. Filter-paper fluid uptake was used to measure the amount 

of free or leachable water in the samples; no significant differences were detected between cold plasma-treated prosciutto and 

the control samples. Among the treated samples, those exposed to cold plasma for 5 min yielded higher values than the other 

samples. This reduction was closely related to the observed increase in WHC, as more water is retained within the meat 

structure, thus reducing the amount available for leaching. The exception at 5 min could be due to a transient phase, in which 

structural changes induced by the plasma treatment temporarily allow more water to be released before stabilization occurs at 

longer treatment times. According to Warner (2023), moisture in meat muscle typically retains approximately 85% of the 

water. Cold plasma treatment may induce the loss of interior water by causing protein denaturation through ROS production. 

Denaturation of surface proteins could create an edible coating layer, resulting in reduced water migration (Chaijan et al., 

2022). The slight variations in water content and holding capacity observed with increased treatment time suggest that cold 

plasma treatment may induce a gradual but stabilizing effect on the meat microstructure. This effect likely results from 

oxidative stress, which leads to protein cross-linking and reduced water mobility within the meat matrix (Zhao et al., 2020). 

Therefore, cold plasma treatment significantly affects the moisture dynamics of prosciutto, enhancing WHC while 

reducing the free water content. These changes are achieved without altering aw, indicating a balanced redistribution of water 

within the meat. This study highlights the potential of cold plasma as a non-thermal treatment for improving the quality and 

shelf life of meat products. 

 

Textural and morphological properties 
Dry-cured ham with desirable texture characteristics typically exhibits intermediate hardness, low bitterness, and low 

adhesiveness (Zhou et al., 2019). This study focused on measuring hardness and adhesiveness. The time-varying effects of 

cold plasma treatment on textural parameters of prosciutto are provided in Table 3. In addition, no significant difference in 

hardness was observed between samples without and with cold plasma treatment (p>0.05). This suggests that cold plasma 

treatment, under the conditions applied in this study, does not significantly alter the structural integrity of the meat, 

maintaining a hardness similar to that of the untreated control.  

In contrast, a significant decrease in adhesiveness was recorded in the samples treated for 5 min (p<0.05). Despite this 

Table 3. Texture profile analysis of prosciutto treated to cold plasma

Treated time (min) Hardness (g) Adhesiveness 

0 5,024.2±304.8a 0.6±0.1a 

1 5,033.8±502.3a 0.6±0.2a 

3 5,091.3±464.7a 0.7±0.1a 

5 5,046.8±861.1a 0.5±0.2a 

7 5,049.3±478.7a 0.6±0.2a 

9 5,029.9±784.4a 0.7±0.1a 
a Means with different superscript letters in a column are significantly different (p<0.05). 
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decrease, no consistent trend was observed across the different treatment times, indicating that the effect of cold plasma on 

adhesiveness may be influenced by factors other than treatment duration alone. The lack of a clear pattern suggests that the 

interaction between plasma-generated reactive species and meat matrix is complex and variable, potentially depending on the 

specific conditions of each treatment. Moreover, the prosciutto samples were analyzed within 2 h post-treatment, minimizing 

the time required for oxidative processes to affect texture. These results suggest that cold plasma treatment effectively 

preserves the physical characteristics of prosciutto, at least in the short term (Zhao et al., 2020).  

The texture characteristics observed in this study align with the results of a scanning electron microscopy (SEM) analysis 

(Garcia-Gil et al., 2014), which are shown in Fig. 2. SEM helps visualize components of the meat microstructure, such as 

muscle fibers and connective tissues, which directly influence meat texture and hardness. A more compact and denser 

microstructure correlates with increased hardness (Chéret et al., 2005). These structural changes can be measured and 

correlated with TPA results. The SEM images revealed no significant differences in the microstructure of the prosciutto 

samples, regardless of treatment duration. This microscopic analysis supports the TPA findings, suggesting that cold plasma 

treatment, as applied here, does not cause substantial alterations to the meat microstructure.  

Previous studies by Jayasena et al. (2015) and Kim et al. (2013) reported no significant changes in the texture of various 

meat cuts, such as pork butts, beef loins, and pork loins, after plasma treatment (p>0.05). These results reinforce the notion 

that cold plasma treatment is gentle on the physical properties of meat, preserving its textural qualities. 

 

Acidification, lipid oxidation, and protein degradation characteristics 
The effects of cold plasma treatment on pH, TBARS, and VBN levels in prosciutto were analyzed to assess any potential 

impact on the quality and shelf life of the product. Changes in the sample pH after cold plasma treatment are provided in 

Table 4. The pH values of the samples treated for 1, 5, and 9 min were significantly lower than that of the untreated control 

(at 0 min; p<0.05). This reduction in pH can be attributed to the formation of acidogenic molecules, particularly nitrogen 

oxides (NOx), which are generated during air plasma processing (Kim et al., 2013). NOx molecules, when dissolved in the 

aqueous phase of meat, can form nitric and nitrous acids, leading to a decrease in pH. This phenomenon has been observed in 

 

Fig. 2. Scanning electron microscopy images of prosciutto. The samples after plasma treatment for 0 (A), 1 (B), 3 (C), 5 (D), 7 (E), and 9 
min (F). The scale bar is 100 µm. 
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other studies, where the pH of meat and chicken patties treated with cold plasma decreased significantly compared to the 

values of untreated controls (Gao et al., 2019; Roshanak et al., 2023). The acidification effect of cold plasma is crucial, as it 

may influence microbial stability and the shelf life of meat. 

The TBARS test was conducted to evaluate the extent of lipid oxidation in prosciutto after cold plasma treatment. TBARS 

values, which indicate the concentration of malondialdehyde (MA), a by-product of lipid peroxidation, were significantly 

higher in cold plasma-treated samples than in the control (p<0.05). Moreover, the TBARS values increased progressively 

with treatment duration (p<0.05) but remained below the threshold of 2.5 mg MA/kg in meat, except at the 9-min mark 

(Roshanak et al., 2023). The observed increase in TBARS values aligned with the findings of Roshanak et al. (2023) and 

Yadav et al. (2019), who reported that cold plasma treatment of ham, with or without the addition of rosemary extract, 

resulted in higher lipid oxidation levels. This increase in lipid oxidation is primarily due to the free radicals generated during 

plasma lipid peroxidation. These free radicals lead to the formation of secondary oxidation products such as alkanes, alkenes, 

aldehydes, alcohols, ketones, and acids, which further degrade the lipids and proteins in meat (Jayasena et al., 2015).  

Additionally, the presence of NOx, which forms strong complexes with heme pigments during cold plasma processing, 

inhibits the release of non-heme iron. This inhibition reduces the availability of catalytic iron, which otherwise accelerates 

lipid oxidation (Astorga et al., 2022). Therefore, although the cold plasma treatment is effectively inactivated, the impact on 

lipid stability, especially during long-term storage, should be considered. 

VBN is a key component of meat freshness, reflecting the degree of protein degradation and bacterial activity (Lee et al., 

2023). Table 4 provides the time-varying VBN values of prosciutto subjected to cold plasma treatment. VBN values ranged 

from 0.88 to 6.24 mg%, with the highest value observed after just 1 min of treatment. A significant decrease in VBN values 

was noted as treatment duration increased, except at the 9-min mark.  

The observed decline in VBN values suggests that cold plasma treatment inhibits the enzymatic and microbial processes 

responsible for protein breakdown, thereby reducing the formation of VBN compounds such as ammonia and trimethylamine. 

These results are consistent with those of Kim et al. (2024), who reported that while pH did not differ significantly between 

plasma-treated samples, VBN values decreased with longer plasma exposure. The reduction in VBN is likely due to the 

inactivation of spoilage microorganisms and endogenous enzymes by the reactive species generated during plasma treatment 

(Bahmani et al., 2011).  

The effectiveness of cold plasma in reducing VBN levels and maintaining meat quality is influenced by several factors, 

including the type of meat, initial VBN levels, treatment intensity, and duration (Lee et al., 2023). Therefore, further research 

is necessary to optimize treatment parameters and fully understand the implications of cold plasma on meat quality, 

Table 4. pH, TBARS, and VBN measurements of prosciutto treated to cold plasma

Treated time (min) pH TBARS (mg MA/kg) VBN (mg%) 

0 6.03±0.06c 0.33±0.02f 3.67±0.00b 

1 6.00±0.01d 0.58±0.02e 6.24±4.04a 

3 6.06±0.01b 0.80±0.03d 3.21±4.04b 

5 6.00±0.01d 1.09±0.02c 2.27±0.00c 

7 6.12±0.02a 2.08±0.04b 0.88±0.00d 

9 5.92±0.02e 3.82±0.08a 3.44±4.04b 
a–f Means with different superscript letters in a column are significantly different (p<0.05). 
TBARS, thiobarburic acid reactive substance; VBN, volatile basic nitrogen; MA, malonaldehyde. 
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particularly over longer storage periods.  

Cold plasma treatment significantly affected pH, TBARS, and VBN levels in prosciutto, indicating its potential as a non-

thermal method to enhance meat safety and extend shelf life. While this method effectively led to reduced pH and VBN 

levels, thereby inhibiting microbial growth and protein degradation, it increased lipid oxidation, as evidenced by elevated 

TBARS values. 

 

Microbial inactivation 
Ensuring food safety depends critically on the effective sterilization of microorganisms. Cold plasma has emerged as a 

novel and promising technique for food decontamination, offering the potential to sterilize foods while preserving their 

nutritional value (Ansari et al., 2022). The inhibitory effects of cold plasma treatment on various pathogens inoculated in 

prosciutto—HEV, L. monocytogenes, B. cereus, S. enterica, and S. aureus—are illustrated in Fig. 3.  

The study shows that active HEV RNA and pathogen load in the prosciutto decreased significantly with increasing cold 

plasma processing time (p<0.05; Fig. 3A). After 9 min of cold plasma treatment, active HEV RNA was no longer detectable, 

indicating the high efficacy of cold plasma in inactivating this virus.  

The bacterial pathogen test (Figs. 3B, C, D, and E) revealed a marked reduction in bacteria counts as treatment time 

increased, but no significant differences were observed in terms of bacterial reduction for treatments longer than 5 min 

(p>0.05). Overall, compared to the untreated control, cold plasma treatment resulted in a reduction of approximately 2 Log 

CFUs after 9 min, highlighting the substantial antimicrobial effects of the technique.  

The enhanced sterilization effect of cold plasma can be attributed to the generation of several reactive species during the 

process. Nitrite (NO2
-) produced during plasma processing reacts with H2O2 to form peroxynitrite (ONOOH), a potent 

antimicrobial agent. Additionally, ozone (O3), another active species commonly produced in air plasma, contributes significantly 

to the antibacterial effect (Zhao et al., 2020).  

Supporting studies by Astorga et al. (2022) and Moutiq et al. (2020) have reported that plasma treatment can generate NO2
- 

and nitrate molecules, which are known to inhibit the growth of anaerobic microbes in meat products. This antimicrobial 

effect is further enhanced by the reduction in pH observed in plasma-treated samples, as lower pH conditions are generally 

less favorable for bacterial growth.  

In conclusion, cold plasma treatment effectively inactivated both viral and bacterial pathogens in prosciutto, providing a 

potent method for improving food safety without compromising quality. The formation of reactive substances, such as 

peroxynitrite and O3, plays a key role in the observed antimicrobial activity, making cold plasma a valuable tool in the food 

industry’s arsenal to ensure the microbiological safety of meat products. 

 

Conclusion  

The findings of this study highlight the effectiveness of cold plasma treatment in enhancing the safety of prosciutto while 

maintaining its essential physicochemical properties. Treatment led to an increase in water content and a slight decrease in 

WHC and hardness after 5 min of exposure. The generation of NO2
- and nitrate molecules during cold plasma treatment was a 

key factor in the significant reduction in the load of HEV and various bacterial pathogens. These results suggest that cold 

plasma treatment improves microbial safety in prosciutto while preserving the product’s desirable qualities, making it a viable 

alternative to traditional sterilization. Adopting cold plasma technology in the meat industry could enhance food safety while  
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Fig. 3. Total and active RNA of HEV (A), and inactivation of Listeria monocytogenes (B), Bacillus cereus (C), Salmonella enterica (D), and 
Staphylococcus aureus (E) of prosciutto treated with cold plasma. a–d Means with different letters are significantly different (p<0.05). 
CFU, colony-forming units; HEV, hepatitis E virus. 
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preserving product quality, offering an effective alternative to traditional sterilization methods. 
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