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Application of Neutral Electrolyzed 
Water on pork chops and its impact 
on meat quality
Erwin Torres‑Rosales1, Andres Rivera‑Garcia1, Patricia Janet Rosario‑Perez1, 
Juan Carlos Ramirez‑Orejel2, David Paez‑Esquiliano3, Sandra Martinez‑Vidal4, 
Eduardo Guzman‑Olea5 & Jose Alberto Cano‑Buendia1*

Physicochemical and microbiological properties of pork chops sprayed with Neutral Electrolyzed 
Water (NEW) were evaluated during storage at refrigeration temperature. Pork chops were randomly 
allocated into three groups and were artificially contaminated with an inoculum of  106 CFU/mL 
of Listeria monocytogenes. Each group was treated with either NEW (58 ppm), NaClO (35 ppm), 
or saline solution (SS). Subsequently, recovered bacteria were plated on TSA petri dishes and the 
reduction percentage of Listeria monocytogenes was calculated 24 h and 8 days after treatment. 
Physicochemical analysis [pH, content of lactic acid, thiobarbituric acid reactive substances (TBARS) 
and total volatile base nitrogen (TVBN)] were performed to evaluate the effect of all solutions used 
on pork meat kept at 4 °C for 19 days. In vitro NEW reduced L. monocytogenes titers by > 99.98% 
and 80.19% and 90.35% in artificially contaminated pork 24 h and 8 days after NEW treatment, 
respectively. Compared to the SS treatment, NEW and NaClO solutions caused a 0.67 Log UFC/g and 
0.65 Log UFC/g reduction respectively. After eight days post‑treatment, NEW and NaClO bacterial 
titers were below the SS treatment. NEW caused little color change in treated meat. It helped to 
reduce the formation of lactic acid and TVB‑N when pork chops are kept at 4 °C for 19 days. Therefore, 
NEW could be considered as a new alternative to sanitize and preserve pork meat.

Foodborne illnesses are a major concern in the food industry. Pork is one of the most important and widely 
produced types of meats  worldwide1. In order to produce and process large amounts of pork, intensive systems 
have been developed but preservation methods need to be improved because the meat and its sub-products are 
perishable. Many different solutions have been developed to decrease the microbial contamination of  meat2. 
Chemical solutions like organic acids or chlorine are used worldwide to maintain meat quality. However in Bel-
gium, Denmark, Germany, the Netherlands, and Switzerland the use of sodium hypochlorite (NaClO) in the food 
industry is  banned3,4. Moreover, the use of chemical solutions could be problematic since it can affect physical 
or chemical properties of the meat or carcasses like the color, smell or  texture5. These attributes are important 
to customers in determining the acceptability of their  meat6 and, as a consequence, shelf life can be modified 
since meat color can be influenced by the onset of oxidation during refrigerated  storage7 or contamination with 
food borne pathogens like Listeria monocytogenes. Outbreaks or recalls have been reported in contaminated 
pork with L. monocytogenes8,9; however, small bacterial loads can be difficult to identify in the beginning and 
a lack of temperature control could contribute to develop  outbreaks10. New technologies and chemical solu-
tions have been developed to eliminate microbial pathogens from carcasses or meat. One alternative is the use 
of Electrolyzed Water (EW). EW has been used in different ready to eat products like  lettuce11,  spinach12, and 
 strawberries13. EW has many advantages; it does not harm human surfaces like the  mucosa14, stainless steel 
(only neutral EW)15, or eggshell  cuticles16, and it does not have a negative impact on the  environment17 since it 
reverts to normal water and  Na+/Cl− ions after  use17,18. In addition, it has been reported that its use does not affect 
physicochemical and sensory characteristics of chicken  meat19. Neutral Electrolyzed Water (NEW), a different 
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version of EW, has an oxidation reduction potential (ORP) of 750–900 mV16,20–23 and its main component is 
hypochlorous acid (HOCl)24.

The goal of this study was to evaluate the bactericidal effect of highly concentrated NEW when it is sprayed 
on artificially, highly contaminated pork chops with L. monocytogenes or Salmonella Typhi, without affecting 
meat´s physicochemical properties (color, pH, lactic acid concentration, and lipid oxidation) and quality (total 
volatile base nitrogen).

Material and methods
Bacterial strain and inoculum preparation. Listeria monocytogenes and Salmonella Typhi were 
obtained from the American Type Culture Collection (ATCC 19115 and ATCC 9992 V). L. monocytogenes was 
grown in Brain Heart Infusion agar (Bioxon, Cat. No. 214700, Estado de Mexico, Mexico) at 37 °C for 24 h. Gram 
 staining25 and Salmonella Typhi was grown using Salmonella Shigella agar (MCD LAB, Cat. No. 716, Estado de 
Mexico, Mexico) the Vitek2 system (BioMérieux Cat. No. 27630, Marcy-l´Étoile, France) was used as confirma-
tive method. A single colony of L. monocytogenes or Salmonella Typhi was grown in 50 mL of Trypticase Soy 
Broth (TSB) (BD Bioxon, Cat. No. 211670, Mexico, Mexico) at 37 °C for 16 h. Determination of viable cells was 
conducted according to the Mexican Official Norm for aerobic plate  counting26. Decimal serial dilutions were 
performed in PBS for a final volume of 10 mL. One hundred microliters of each dilution were plated on a petri 
dish containing 15 mL of trypticase soy agar (TSA) (MCDLAB, Cat. No. 7171, Estado de México, Mexico). The 
plates were incubated overnight at 37 °C and plate counting was performed.

Evaluation of solutions. Neutral Electrolyzed Water (NEW) was provided by Esteripharma S.A. de C.V. 
The concentration of sodium hypochlorite (Quimica Rique, Cat. No. 7681-52-9, Estado de Mexico, Mexico) 
was adjusted to 35 ppm since that is below the maximum allowed concentration for reed meat carcasses and 
contaminated chicken  carcasses27; this was used as a disinfectant control. Saline solution (SS) (NaCl, Cat. No. 
6845, Meyer, Mexico) was prepared as a wash control. The pH and ORP values were measured using a portable 
pH/ORP/temperature combo tester (Cat. No. HI98121, Hanna Instruments, Rhode Island) following the manu-
facturer instructions. Chlorine concentration was measured using a chlorine portable photometer (Cat. No. 
HI96771, Hanna Instruments, Rhode Island) and the iodometric method was  used28 to evaluate free chlorine 
content.

Bactericidal in vitro test. The Mexican Norm NMX-BB-040-SCFI-1999 was performed. Briefly described, 
all working solutions were evaluated (NEW, NaClO and SS) then 99 mL of each tested solution was transferred 
to a sterile 250 mL Erlenmeyer flask with a screw cap. Flasks were shaken and before the liquid stopped moving, 
1 mL of L. monocytogenes or Salmonella Typhi inoculum was added to facilitate its incorporation. After 30 s, 
1 mL of the mixture was transferred to a tube containing 9 mL of 0.1% peptone water (used as neutralizing solu-
tion) and subsequently mixed. Decimal serial dilutions were performed, and 1 mL aliquots of each dilution was 
plated on petri dishes containing TSA. Plates were incubated for 48 h at 37 °C. After the incubation period, the 
number of CFU was counted.

Pork chops collection and allocation. Pork chops were obtained from the Center of Teaching, Research 
and Extension in swine production (CEIEPP) at the Autonomous National University of Mexico. The pig breed 
was a mix of York-Pietrain and Duroc-Landrace. All samples were kept at 4 °C for 24 h before use. Pork chops 
were cut into approximately 150 g pieces, after, 90 pieces were weighed, kept in plastic bags (Nasco Whirl–Pak, 
B01065WA, Fort Atkinson, WI), and kept at 4 °C until further use.

Contamination of pork chops. Inoculum was prepared using an overnight culture of L. monocytogenes 
or Salmonella Typhi. Contamination inoculum was prepared using 0.1% peptone water adjusting the bacte-
rial count to  106 CFU/mL. The inoculum was kept in a plastic container within a laminar flow safety cabinet 
(NUAIRE UN-440-400). Pork chops were divided in two groups; first group of 45 pieces were submerged into 
L. monocytogenes inoculum for 15 min and were kept on sterile plastic colanders for 5 min to let the inoculum 
drain from the meat into a biosafety cabinet at room  temperature5. The second group of pork chops was sub-
merged into Salmonella Typhi inoculum and handled using same methodology as the first group.

Treatment of pork chops. Artificially contaminated pork chops were divided into three groups contain-
ing 15 pieces each. Groups were labeled as NEW, NaClO, and SS. Working solutions were applied using spray 
bottles containing 15 mL of each solution to each group. The meat was turned over when half of the treatment 
was applied, and the remaining solution was used. Working solutions were in contact with pork samples for 60 s. 
Pork chops were individually deposited into a plastic bag containing 100 mL of 0.1% peptone water to collect the 
surviving bacteria after treatment. The meat was hand rubbed for 1 min and 1 mL aliquots were taken from the 
plastic bags and used for plate counting. Pork chops were individually placed into new plastic bags and kept at 
4 °C. Bacterial collection and tittering were performed at days 1 and 8.

Non-contaminated pork chops were also divided into three groups containing 15 pieces each. They were 
treated with the evaluated solutions as it was described above. After treatments, meat was kept in individual 
plastic bags at 4 °C. Samples or readouts were taken on days 1, 3, 5 12 and 19 after each treatment for physico-
chemical analysis [pH, content of lactic acid, thiobarbituric acid reactive substances (TBARS) and total volatile 
base nitrogen (TVBN)] and total aerobic viable counts were determined using TSA plates at days 1 and 8.
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Analysis of bactericidal effect on pork meat. Aliquots from days 1 and 8 from artificially contami-
nated pork and non-contaminated samples were used to calculate the bacterial titer using the most probable 
number methodology. Obtained colonies were counted, adjusted by the dilution factor, and reported as CFU/g. 
The percentage of reduction in bacterial titer from all treatments was calculated using Eq. (1):

where SS is the mean saline solution treatment titer and treatment is the mean titer of NEW or NaClO treatments.

Color measurements. To obtain color characteristics before and after treatments, a spectrophotometer 
(Konica Minolta CM-600d, Ramsey, NJ) was used. Five random zones were used to measure L, a, and b param-
eters that compose the color space (CIELab). The ΔE value from each treatment was calculated using Eq. (2):

where 1 is the value before treatment and 2 is the value after treatment with the specific evaluated solution. Color 
parameters were measured at days 0, 1, 5, 12 and 19.

pH measurement. The Mexican  Norm29 was used to obtain the pH of samples after treatment. Briefly, 10 g 
of sample was blended with 100 mL of sterile distilled water. A portion of the prepared sample was placed into 
a beaker and stirred. Temperature was adjusted to 20 °C ± 0.5 °C and pH value was obtained using a pH meter.

Determination of lactic acid. The methodology described in the Mexican Norm NMX-F-102-NOR-
MEX-201030 was used. In brief, 10 g of sample was added to a blender and 100 mL of sterile distilled water 
then added. The formed paste was filtered using grade 4 filter paper (Whatman, Cat. No. 1004-917, NJ) and the 
diluted sample was transferred to an Erlenmeyer flask. Samples were stirred manually and 250 μL of 1% phe-
nolphthalein (Sigma Aldrich, Cat. No. 105945, MO) was added. Samples were then titrated using 0.1 N sodium 
hydroxide solution (Sigma Aldrich, Cat. No. 795429, MO), until it turned pink. Titrations were repeated without 
pork meat and results were compared using the Eq. (3):

where A − B is the Corrected volume [NaOH sample (mL) − NaOH control (mL)], C is the Concentration of 
NaOH and MM is the Molar Mass of lactic acid (90 g/mol).

Determination of thiobarbituric acid reactive substances (TBARS). TBARS were obtained by the 
methodology reported by Hernández et al.31. Briefly, 25 g of pork with 100 mL of 5% trichloroacetic acid (Sigma 
Aldrich, Cat. No. T63399, MO) was blended and then centrifuged at 10,000 rpm for 20 min. The supernatant 
was filtered using filter paper Whatman type 4. After, 2 mL of the filtrate was transferred to a glass tube and 2 mL 
of 80 mM 2-thiobarbituric acid was added. Samples were incubated in a water bath for 30 min and then in ice 
for 10 min. Absorbance was measured at 530 nm in a spectrophotometer (Perkin Elmer UV/VIS Spectrometer 
Lambda 2, Walluf, Germany). Thiobarbituric acid reactive substances (TBARS) values were reported in mg of 
malondialdehyde (MDA) per kg of meat, using a standard curve of MDA solution (Sigma Aldrich, Cat. No. 
8057970050, MO).

Quantitation of total volatile basic nitrogen (TVBN). The quantification of TVBN was performed 
following the methodology reported by  Chen32. Briefly, pork samples (25 g) were obtained and transferred to an 
Erlenmeyer flask with a ground glass stopper. 100 mL of water with some glass beads were placed and stirred for 
30 min. Samples were filtered through filter paper Whatman type 4 and transferred into glass Petri dishes (edges 
were coated with petroleum jelly) and incubated at 40 °C for 3 h. A saturated solution of boric acid in glycerin 
(13 drops) and 2 mL of saturated sodium carbonate solution was placed on the internal face of the Petri dish 
lid. Both solutions were gently mixed. Samples were incubated at 40 °C for 3 h. Subsequently, drops that were 
formed under the glass cover were transferred to an Erlenmeyer flask with 60 mL of distilled water (pH 5.1), and 
1 mL of methyl red, 0.5% (w/v) ethanol solution and 5 mL of bromocresol green 0.4% (w/v) alcoholic solution 
were added. Titration was performed with 0.01 N hydrochloric acid until a pink coloration was observed. TVBN 
values were calculated using Eq. (4) and expressed as mg of nitrogen per 100 g of pork meat:

where V is the added volume of HCl and C is the concentration of HCl.

Statistical analyses. To determine differences among treatment and storage time means, Gaussian distri-
bution was assessed and two-way analysis of variance (ANOVA) followed by Tukey’s HSD test were performed 
with a significance level of α = 0.05 (95% confidence). Correlation analysis for pH, content of lactic acid, TBARS 
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and TVB-N was performed using the Pearson correlation coefficient. All analyses were performed using Graph-
Pad Prism version 7.00 for Windows (GraphPad Software, La Jolla California USA, www.graph pad.com).

Results and discussion
Characteristics of used solutions. All the evaluated solutions were analyzed before use. The pH of NEW 
and NaClO were 6.92 ± 0.06 and 7.36 ± 0.28 respectively. SS showed a pH of 5.71 ± 0.3. NEW had the highest ORP 
value (820 ± 9.3 mV) followed by NaClO (790 ± 20.19 mV), and SS had the lowest value (371 ± 14.76 mV). NEW 
had a free chlorine value of 58 ± 2 ppm. The main component of NEW is hypochlorous acid; however, there 
are other components (~ 5%) like hypochlorite ions and trace amounts of chlorine with less  presence33. NEW 
concentration was not adjusted because it has been reported that bactericidal activity is determined by chlo-
rine concentration instead of the reaction  time5. NaClO concentration was adjusted to 35 ppm with distillated 
water because this concentration is permitted by the USDA for use with other types of  meats34 without affecting 
meat physicochemical properties. The concentration of free chlorine in SS was below our detection method. All 
results are summarized in Table 1.

In vitro bactericidal effect. The bactericidal effect of NEW and NaClO were compared to the results 
obtained from SS. Both solutions caused a decrease in the L. monocytogenes numbers of > 4.9 log CFU/mL and 
Salmonella Typhi counts of > 6.3 log CFU/mL when in vitro values were compared with the SS treatment (wash 
control). NaClO and NEW treatments were not statistically different (P > 0.05). However, both groups were sig-
nificantly different to the SS treatment (P < 0.0001) when NEW and NaClO were used with both bacteria. Nev-
ertheless, NaClO and NEW bacterial bacteria values were lower than 3 log CFU/mL since we could not detect 
any growth beyond the methodology detection limit (Table 2). These results were consistent when 3-mL aliquots 
from each treatment were plated on three different TSA petri dishes (1 mL/plate).

Bactericidal effect on contaminated pork chops. All treatments were applied by spraying because 
it uses less disinfectant solution than soaking the samples. NaClO and NEW treatments caused a reduction of 
Listeria monocytogenes counts by 0.621 and 0.637 log CFU/g on contaminated and treated pork chops. NaClO 
and NEW treatments were not statistically different (P < 0.05), but both were significantly different from the 
SS group (P < 0.0001). Contaminated pork with Salmonella Typhi showed reduction counts by 0.47 and 0.3 log 
CFU/g when NEW and NaClO treatments were used however, no significant difference was detected when 
results were compared with SS treatment. It has been reported that treatments combined with shaking method-
ologies improve the sanitization  process12,35–37; this could remove surface bacteria and allow NEW to come into 
contact with deeper cells.

Treated pork chops were kept at 4 °C for 8 days. Bacterial counts for surviving bacteria are shown in Table 2. 
We detected that survival L. monocytogenes counts from treated pork were 1.168 and 1.06 log CFU/g lower for 
NaClO and NEW respectively compared to the SS treatment. NaClO and NEW were not statistically different but 
both were significantly different from the SS treatment (P < 0.0001). Bactericidal values were higher at day 8 than 
at day 1 (P < 0.0001). Similar results were reported when acid EW (pH 2.79) was used for 15 s in fresh pork con-
taminated with L. monocytogenes causing a decreasing titer of 1.39 or 0.56  log10 CFU/cm2 when they compared 

Table 1.  Physicochemical characteristics of solutions. Values represent the mean ± SEM (n = 3). a Not 
detectable.

pH ORP (mV) Free chlorine (ppm)

NEW 6.92 ± 0.06 820 ± 9.30 58.0 ± 2.0

NaClO 7.36 ± 0.28 790 ± 20.19 35.0 ± 0.59

SS 5.71 ± 0.30 371 ± 14.76 NDa

Table 2.  Surviving bacterial populations after treatment. Values represent the means ± SEM within a row 
without a common superscript are statistically significantly different (P < 0.0001).

Type of evaluation Units SS NEW3 NaClO3

L. monocytogenes (in vitro) Log CFU/mL 7.93 ± 0.024 a  < 3b  < 3b

In situ (pork + L. monocytogenes) (24 h after treatment) Log CFU/g 5.52 ± 0.035a 4.883 ± 0.085b 4.899 ± 0.064b

In situ (pork + L. monocytogenes) (8 days after treatment) Log CFU/g 7.945 ± 0.03a 6.885 ± 0.06b 6.777 ± 0.112b

Salmonella Typhi (in vitro) Log CFU/mL 9.3 ± 0.03 a  < 3b  < 3b

In situ (pork + Salmonella Typhi) (24 h after treatment) Log CFU/g 5.12 ± 0.21a 4.65 ± 0.27a 4.82 ± 0.27a

In situ (pork + Salmonella Typhi) (8 days after treatment) Log CFU/g 5.29 ± 0.33a 5.51 ± 0.14a 5.09 ± 0.34a

Total aerobic viable counts on pork (24 h after treatment) Log CFU/g 6.00 ± 0.11a 5.74 ± 0.12a 5.67 ± 0.08a

Total aerobic viable counts on pork (8 days after treatment) Log CFU/g 7.26 ± 0.05a 7.19 ± 0.11a 7.32 ± 0.09a

http://www.graphpad.com
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the effect with untreated or distilled water treatment  respectively38,39. Similar bacterial reduction results were 
obtained in other  studies40,41 where pork samples were immersed in EW and during the storage time, bacterial 
titers of pork dipped in EW were lower than control treatments. NEW and NaClO treated contaminated pork 
with Salmonella Typhi showed lower bacterial numbers by 0.47 or 0.3 respectively compared to the SS group 
after 60 s treatment nonetheless, there was no significant difference (Table 2) in bacterial reduction numbers 
between groups. Readouts at day 8 did not show significant reduction counts of Salmonella Typhi in three evalu-
ated groups. This limited bactericidal efficacy is similar to a study where neutral EW was evaluated on pork and 
skin  samples42. Other  studies5 evaluated the effect of a similar neutral EW against E. coli O157:H7, Salmonella 
Enteritidis and Yersinia enterocolitica showing similar results to our in vitro experiment but with the use of flow 
cytometry technique. Nonetheless, in this study, reported E. coli reduction titers were 2.12 log CFU/cm2 and 
2.22 log CFU/cm2 for Salmonella Enteritidis after two minutes of treatment. Additional studies reported the use 
of acidic EW (pH 2.6) for 40 s and the use of this solution caused the reduction of mesophilic bacteria on pork 
loins by 1.67 and 0.48 log CFU/g after 1 and 15 days of treatment (respectively)20. Our treatment was performed 
for 60 s and based on a previous  report43, the longer the EW is in contact with pork the better the antibacterial 
effect expected. Nonetheless, the use of NEW or NaClO showed different bactericidal efficacies when solutions 
were evaluated against different bacteria; NEW demonstrated a better bactericidal effect against L. monocytogenes 
than against Salmonella Typhi; this result is similar to evaluations reported by  Feliciano44 where slightly acidic 
EW was evaluated against Listeria innocua. NEW antibacterial activity could decrease the contamination of meat 
with other gram-positive pathogens like Bacillus cereus, Lactobacillus spp., Lactococcus lactis, or Staphylococcus 
aureus. In this study we used pork chops contaminated with L. monocytogenes reaching a titer of Log 7.9 CFU/g, 
this concentration is higher to those titers reported in contaminated pork products (10 CFU/g)45.

Total aerobic viable counts after 60 s treatment showed a bacterial decrease of 0.26 and 0.33 log CFU/g on 
non-contaminated pork, these values are not significant different with numbers from SS group; neither bacte-
rial counts after 8 day storage showed difference with wash control group (Table 2). Our results suggest that the 
presence of organic matter on pork limits the efficacy of NEW against Salmonella Typhi and mesophilic bacteria. 
In our study, NEW was applied using spray bottles however, different  studies42,46 showed better results when 
samples were dipped.

Color measurements. The color of meat is the first visual parameter that consumers  consider47; this is an 
important parameter in a disinfection process. Meat color is affected by the amount of myoglobin and its differ-
ent forms like oxi-myoglobin and deoxymyoglobin, that are  present48. Parameters L, a, and b from the CIELab 
spectra were measured (Table 3).

L values from treated pork were different between NEW and SS groups at day 1. At days 3, 5, and 19, we 
did not detect significant difference between groups, but at day 12 NaClO and NEW were statistically different 
(P < 0.05). L values from each treatment did not change by the time (P > 0.05). The formation of the dark color 
in meat has been related to the accumulation of metmyoglobin. This is formed by the oxidation of iron in the 
protein from the ferrous to ferric  state49.

Another analyzed parameter was the a value (Table 3). When NEW was used, a values increased from day 
5 to 19. However, there were not significant differences between days (P > 0.05). At the same time, NEW gener-
ated the highest values between treatments. NaClO and SS groups showed an increase in a values by the time 
increases (P < 0.0001).

Table 3.  Color score using the CIELAB space of pork chops. Values represent the means ± SEM. a —cSignificant 
difference within each column (P < 0.05). A —BSignificant difference within each row (P < 0.05).

Parameter Day

Treated

NEW NaClO SS

L

1 58.20 ± 0.65Ba 58.84 ± 0.59ABa 62.28 ± 0.60Aa

3 58.34 ± 1.68Aa 60.00 ± 1.72Aa 62.10 ± 1.58Aa

5 57.42 ± 2.96Aa 60.56 ± 1.12Aa 59.70 ± 1.18Aa

12 55.66 ± 1.04Baa 60.72 ± 1.52Aa 58.48 ± 1.84ABa

19 55.91 ± 1.19Aaa 58.36 ± 0.52Aa 59.42 ± 0.70Aa

a

1 6.29 ± 0.26Aab 1.91 ± 0.14Bb 1.77 ± 0.17Bb

3 5.62 ± 0.41Ab 2.64 ± 0.29Bbc 2.20 ± 0.45Bb

5 6.42 ± 0.75Aab 3.40 ± 0.22Bacd 4.16 ± 0.54Ba

12 6.6 ± 0.20Aab 3.21 ± 0.35Bbde 5.34 ± 0.51Aa

19 7.23 ± 0.38Aa 4.44 ± 0.44Bae 5.42 ± 0.19Ba

b

1 12.38 ± 0.27Ab 11.71 ± 0.37Ab 12.17 ± 0.20Ab

3 13.01 ± 0.47Aab 12.34 ± 0.45Aab 12.92 ± 0.50Aab

5 13.54 ± 0.76Aab 12.56 ± 0.26Aab 13.33 ± 0.45Aab

12 13.78 ± 0.51Aab 13.28 ± 0.35Aa 13.43 ± 0.59Aab

19 14.12 ± 0.34Aa 13.67 ± 0.27Aa 14.15 ± 0.31Aa
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The last evaluated color parameter was the b value. Conversely, all treatments were similar, and the only dif-
ference was detected at day 19 (P < 0.05).

Delta E was calculated to detect which treatment caused a higher change in pork chop color. Pork treated with 
SS had the most color changes while NEW and NaClO groups had less (Fig. 1). NEW and NaClO showed similar 
values. Delta E values from SS and NaClO groups at day 3 were similar (P < 0.05). Nonetheless, from day 5 to 19, 
NEW and NaClO groups were significantly lower than the SS group. Both treatments (NEW and NaClO) helped 
to avoid color changes when pork was kept in refrigeration. Phosphate-enhanced (alkaline electrolyzed water) 
has been used on  steaks50 and meat kept a moderately red color after 14 days of storage at 4 °C. There are not 
many studies about the color change and the use of EW. This quantitative parameter can provide an additional 
characteristic to additives or ingredients that are used in the meat process. Color is a parameter that all custom-
ers can detect easily and could drives the customer decision to buy the final product and is related to shelf live.

pH and lactic acid. Pork was treated with NEW and NaClO solutions that had a neutral pH while saline 
solution had a pH of 5.71 (Table 1). The inner characteristics of each solution could affect pork characteristics 
like water retention. The pH of treated pork was analyzed, and we did not detect any differences from day 1 to 
19 (Table 4). The pH of meat treated with SS and NEW did not change with time. However, there is a positive 
correlation between pH and a  (R2 = 0.78), and pH and b  (R2 = 0.905) in chops treated with SS; we interpreted this 
information as with time, the non-disinfected pork lowers its pH and increases it red and yellow characteristics. 
These phenomena did not exist when pork was treated with NaClO. In the pork treated with NEW, pH values 
were positively correlated with L  (R2 = 0.85) and a values  (R2 = 0.864); this data suggests that the use of NEW gen-
erates the appearance of a darker, redder color while at the same time the pH is lowering. Nonetheless, NaClO 
treatment caused a decrease at days 19 (P < 0.01) but no statistical difference was detected between treatments 
(P > 0.05). These results suggest that NEW reacted on bacterial cells without affecting meat’s pH. Similar results 
were reported previously when slightly acidic EW was used alone or in combination with basic  EW20.

During meat processing, oxygen concentration decreases. This change causes lactic acid to accumulate and pH 
decreases from neutral to a range of 5.7–5.351. For all treatments, we detected that pH declined with the time and 
the concentration of lactic acid increases at the same time (Table 4 and Fig. 2). The concentration of lactic acid at 
day 1 was similar in all groups, however from day 5 to 19, SS treatment showed a significant increase (P < 0.05) 
(Fig. 2). We detected two important days where the increase of lactic acid occurs; the first is between day 3 and 
5 and the second important increase is at day 12. Nonetheless, NaClO and NEW treatments showed a similar 

Figure 1.  Delta E values. Effect on the global color change using disinfectant solutions on pork chops. 
Measurements were performed on indicated days using 5 random areas/sample. Values represent the 
mean ± standard error (SEM), (P < 0.005).

Table 4.  pH of pork chops. Values represent the means ± SEM. A —BSignificant difference within each row 
(P < 0.05). a —cSignificant difference within each column (P < 0.05).

Day

Treatment

NEW NaClO SS

1 5.7 ± 0.026Aab 5.71 ± 0.012Aa 5.69 ± 0.022Aa

3 5.79 ± 0.028Ab 5.69 ± 0.004ABa 5.672 ± 0.026Bab

5 5.75 ± 0.072ABab 5.78 ± 0.004Aa 5.682 ± 0.023Bab

12 5.67 ± 0.014Aa 5.65 ± 0.013Aac 5.61 ± 0.023Aab

19 5.63 ± 0.036Aa 5.54 ± 0.044Abc 5.57 ± 0.009Ab
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lactic acid amount from days 3 to 19 and were statistically different from the SS group (P < 0.01). The increase of 
lactic acid in the SS group could have happened because of the presence of fast-growing bacteria that generate 
lactic acid during the pork acquisition. That would explain the lower levels in the NaClO and NEW treatments.

TBARS. The thiobarbituric acid reactive substances (TBARS) assay was performed to quantify the amount 
of secondary lipid oxidation products in pork chops after  treatment52. TBARS values (Table 5) were increasing 
for all treatments as time elapsed up to day five. NEW and NaClO treatments showed higher values than the SS 
treatment; this effect could be due to its higher ORP values (Table 1). The ORP of NEW and NaClO solutions 
could cause an oxidation of fatty acids which could continue during storage. For all the groups, the generation of 
TBARS stabilized at day 5. Connel established a threshold of 2 mg MDA/kg for human  consumption53, neverthe-
less, 0.5 mg MDA/kg has been the threshold for the detection of off-flavors54–56 and all treatments were below 
this level. This could be as a result of the combination of NEW or NaClO with the low content of polyunsaturated 
fatty acids in pork meat and the storage at 4 °C which produce less MDA  concentration57. A similar study was 
performed  earlier20 where pork was treated with slightly acidic EW however, results stablished that the use of 
EW did not accelerate the lipid oxidation in pork loins.

Total volatile basic nitrogen. The calculation of Total Volatile Basic Nitrogen (TVB-N) is a common 
 procedure58 that is related with meat  freshness59. Intensification of dimethylamine (generated by lytic enzymes 
during storage) and ammoniac (generated by deamination of amino acids and nucleotide catabolism) is an 
indicator of bacterial  contamination58,60. For all treatments, the TVB-N values increased with respect to the 
storage time (Fig. 3); reaching the higher concentration values at day 19. When we compare the generation of 
TVB-N in every collection day, we detected that at day 1 all treatments were similar (P > 0.05) however, at day 
3, SS treatment was statistically different (P < 0.05) from NaClO and NEW treatments and, at days 5 and 12 all 
treatments were significantly different (P < 0.05) from each other. Finally, at day 19, NEW treatment was different 
from the rest of treatments (P < 0.005) nevertheless, NEW generate a low constant concentration of TVB-N in all 
the time points. These findings suggest that NEW significantly slows the decomposition of pork chops generat-
ing important reagents that affect the quality of meat. Cadaverine and putrescine are the main biogenic amines 
that are produced when pork is stored at 4 °C59. When we relate TVB-N with pH, we detected that pH values 
are positively associated with TVB-N when the chops are treated with SS (no disinfection)  (R2 = 0.8479), and 
that this association is blocked when pork is treated with NEW or NaClO. This phenomena is caused because 
bacteria break down meat proteins, generating basic  compounds61,62.

Figure 2.  Lactic acid presence (as percentage) in treated samples. Pork chops were treated with evaluated 
solutions and kept at refrigeration temperature. Values represent the mean ± SEM, (P < 0.005).

Table 5.  Lipid oxidation (expressed in TBARS) in treated pork chops. Values represent the means ± SEM. 
a —eSignificant difference within each column (P < 0.05). A —BSignificant difference within each row (P < 0.05).

Day

Treated

NEW NaClO SS

1 0.230 ± 0.006Ab 0.164 ± 0.028Bb 0.142 ± 0.009Bb

3 0.287 ± 0.018Abc 0.198 ± 0.022Bb 0.190 ± 0.006Bb

5 0.391 ± 0.003Aa 0.338 ± 0.006Aa 0.379 ± 0.015Ac

12 0.354 ± 0.006Aa 0.329 ± 0.038ABa 0.279 ± 0.007Ba

19 0.350 ± 0.013Aac 0.327 ± 0.009ABa 0.267 ± 0.019Ba
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Conclusion
Pork is one of the most consumed agricultural products in the world. Some of the foodborne outbreaks have been 
related to the consumption of contaminated pork with L. monocytogenes63,64. NEW showed a high antibacterial 
activity against L. monocytogenes in vitro (as a pure culture) and in highly contaminated pork chops. The use of 
NEW in meat processing could help to eliminate bacterial contamination. Its effects also help during storage at 
4 °C. Its antibacterial property is comparable to sodium hypochlorite. NEW does not affect the content of TVB-N, 
pH, meat color and lactic acid production was low. Neutral Electrolyzed Water increased lipid oxidation without 
reaching the limit for human consumption. The presence of organic could compromise NEW bactericidal activity 
nevertheless, NEW could be an effective alternative to decontaminate pig meat, carcasses and to disinfect meat-
processing plants however, further studies are needed on different types of application (spray vs dip) and time.
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