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Abstract: The food industry has recognized a pressing need for highly effective disinfection proto-
cols to decrease the risk of pathogen emergence and proliferation in food products. The integration
of antimicrobial treatments in food production has occurred as a potential strategy to attain food
items of superior quality with respect to microbiological safety and sensory attributes. This study
aims to investigate the individual and synergistic effects of heat and peroxyacetic acid on the inac-
tivation of bacterial cells, considering various contact times and environmental conditions. Four Sal-
monella serotypes, isolated from industrial meat production surfaces, were employed as model or-
ganisms. By systematically assessing the impacts of individual factors and synergistic outcomes, the
effectiveness of bacterial cell inactivation and the efficiency of heat and peroxyacetic acid could be
predicted. To better approximate real-world food processing conditions, this study also incorpo-
rated a bovine albumin-rich condition as a simulation of the presence of organic loads in processing
steps. The findings revealed the essential need for a synergistic interplay of investigated parameters
with the following optimized values: 1.5% concentration of peroxyacetic acid, temperature range of
60-65 °C, and contact time of 3 min for the complete effect regardless of the degree of contamination.

Keywords: antimicrobial treatment; heat influence; peroxyacetic acid influence; Box-Behnken
design; Salmonella

1. Introduction

The food supply chain, encompassing growth, harvest, transportation, storage, and
food preparation, often lacks adequate hygiene controls, making it a route of infection for
both humans and animals [1]. Foodborne illnesses, stemming from contaminated food,
present significant challenges in food production and supply systems. Pathogenic micro-
organisms that can be transmitted between humans and animals result in acute illnesses
and economic losses [2]. Microbial contamination in food remains a global health threat,
affecting a substantial percentage of individuals. A fundamental prerequisite for minimiz-
ing microbial contamination in food systems is the ongoing development of effective pro-
cedures for disinfection at the industrial level [3,4]. However, many microorganisms can
survive chemicals and processing conditions used in the food industry, making appropri-
ate regulations and hygiene training essential [5,6]. Many industrial procedures for disin-
fection often involve the use of growth-suppressing agents, but their long-term use leads
to resistance, creating a much larger and longer-term problem in the food cycle for hu-
mans and animals [7]. This also led to the ineffectiveness of even specific antimicrobial
agents against foodborne pathogens, while actual sources of new antimicrobial sub-
stances are very limited. [8-10]. In the past decades, synergistic strategies in disinfection
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protocols and new control measures have been investigated via a combination of many
chemicals and physical parameters related to the food industry [11,12].

Salmonella, a significant food-related pathogen, poses a considerable economic bur-
den. Its presence in food results from various sources, primarily through contaminated
animal products and water, but sources of infection can also be humans and pets [13-19].
The frequency of Salmonella infection in animal farms and the primary production process
depends primarily on the production system and the control measures applied [20-22].
Cross-contamination in animal products is a common source of salmonellosis. Numerous
studies have identified slaughterhouses as potential sources of Salmonella cross-contami-
nation between meat and industrial surfaces, equipment, utensils, and water, signifying a
potential critical stage for controlling its transmission throughout the food chain [23-28].
In industrial settings, the continual processing of animals and meats and minimal hygienic
steps in slaughterhouses can be the main reason for cross-contamination within the same
flock or with previously slaughtered flocks [29]. Understanding these potential sources of
contamination is pivotal for implementing effective control measures in the poultry in-
dustry. Primary methods for controlling Salmonella spp. at the farm level have relied on
biosafety measures. Success in this effort hinges on thorough cleaning and disinfection,
which involve the use of effective detergents, the thorough removal of organic remains,
proper disinfectant concentrations, and high-quality cleaning water. Ensuring the strict
and continuous sanitation of drinking water throughout the production cycle, implement-
ing vaccination strategies, and utilizing symbiotics and acids in animal nutrition have also
been essential [30]. On the other hand, the mentioned methods have not been able to pre-
vent the spread of Salmonella spp. in animals and their derived products, which opened
an essential need to develop and implement novel, cost- and time-effective, and efficient
strategies for a combination of typical and new chemicals and operation parameters dur-
ing cleaning and disinfection processes [30].

Synergistic strategies in cleaning and disinfection procedures are precisely what led
to deflection on the individual efficacies of some chemical substances or operating param-
eters in mitigating Salmonella’s presence in diverse settings in the food industry. Moreover,
the industrial application of the individual effect of growth-suppressing agents has pre-
sented certain challenges, particularly concerning the resilient nature of Salmonella in re-
sponse to heat exposure, which is an often-used tool for the inactivation of microbial cells.
This pathogen has demonstrated an unwavering resistance to heat, often demanding im-
practically long treatment durations, particularly at mild temperatures [31]. One more
challenge related to heat influence on Salmonella spp. is highly dependent on the microor-
ganism culture and matrix [32], which indicates potential inefficiency and discontinuity
in the applied treatment. Concurrently, extensive research within the existing literature
has showcased the remarkable effectiveness of peroxyacetic acid, even at low concentra-
tions, in significantly reducing Salmonella contamination [33,34]. Due to the elevation of
organic content during peroxyacetic acid decomposition, the presence of a pungent odor,
and limited production and higher costs compared with conventional disinfection agents
[35], the adequate and optimized use of this growth-suppressing agent is required.

This study seeks to answer the possibility of a combined disinfection approach that
could offer a more practical, efficient, and industry-applicable solution to control Salmo-
nella contamination. Recognizing that a single-pronged reliance on heat or peroxyacetic
acid for Salmonella inactivation might not be a feasible or sustainable strategy, the purpose
of this investigation is to carry out a comprehensive Box-Behnken evaluation of the syn-
ergistic effect of heat and peroxyacetic acid on four Salmonella serotypes for the first time.
This robust strategy in binding two growth-suppressing agents presents an easy approach
for defining not only the Salmonella serotype’s impact but also the influence of the protein-
aceous interferer that is often present in industrial conditions.



Pathogens 2023, 12, 1336

3 of 28

2. Materials and Methods
2.1. Chemicals and Consumables

All chemicals used in this study were commercially available products from Ther-
moFisher Scientific (Voltham, MA, USA) and HiMedia (Mumbeai, India). All plastic con-
sumables (Petri plates, plates, slides, etc.) were procured as sterile single-use materials.
Contaminated materials were sterilized by moist heat in an autoclave and disposed of in
accordance with good laboratory practice.

2.2. Devices

The necessary devices for performing the tests are as follows: centrifuge (Gyrozen
1580R, Gyrozen, Gimpo, Korea); water bath (GFL Gesellschaft Fuer Labortec, Mecken-
heim, Germany); incubators (GFL Gesellschaft Fuer Labortec, Meckenheim, Germany);
homogenizer—vortex (GFL Gesellschaft Fuer Labortec, Meckenheim, Germany); Den-
siChek Plus nephelometer (BIOMERIEUX, Marcy-1'Etoile, France). After preparation, the
necessary substrates and diluents were sterilized by moist heat in an autoclave (MASC,
EET Ermafa Environmental Technologies GmbH, Vienna, Austria), while the glass mate-
rial was subjected to dry sterilization in a desiccator (BioBase, Karnataka, India).

2.3. Bacterial Strains

Four different Salmonella serotypes were selected for this study. As presented in Table
1, these bacteria were previously isolated from working surfaces in the industrial condi-
tions of primary pork production. Briefly, the strains were isolated in the 2020-2021 period
using the ISO method “Microbiology of the food chain-Horizontal method for detection,
number determination and serotyping of Salmonella-Part 1: Detection of Salmonella spp.
(ISO 6579-1:2017)". The serotyping of the selected isolates was performed via commercial
analysis in accordance with the standard “Horizontal method for detection, counting, and
typing of Salmonella-Part 3: Instructions for typing Salmonella spp.” (ISO/TR 6579-3:2014).
The locations of isolation were slaughterhouse departments of a meat processing facility
in the Republic of Serbia.

Table 1. Bacterial strains in the study.

Code of the Strains

Serotype Location of Isolation

Al
Ab

Bl

B4

S. Typhimurium

Salmonella Enteritidis Livestock slaughter and cutting department (slaughterhouse sector A)

S. Derby Livestock slaughter and cutting department (slaughterhouse sector A)

Stomach and intestinal cleansing department
(slaughterhouse sector B)

Stomach and intestinal cleansing department

5. Agona (slaughterhouse sector B)

2.4. Preparation of Bacterial Suspension

Bacterial cultures, previously stored at refrigerator temperature, were refreshed on
XLD (xylose lysine deoxycholate) agar for 24 h at 37 °C. A single colony from the XLD
agar was transferred to 10 mL of TSB (tryptone soya broth) broth, followed by incubation
at 37 °C. The concentration of the overnight culture was assessed using McFarland stand-
ards (targeted value was ~8 log CFU/mL), and the whole volume of the suspension was
centrifuged at 8000 rpm for 8 min. Overnight incubation enables the obtainment of cells
in a stationary phase. The mentioned physiological state is characterized by increased re-
sistance to stress compared with cells in the exponential phase. The resulting pellet was
washed many times with a sterile physiological solution, and it was used to prepare a
suspension of the target concentration of bacterial cells (~7 log CFU/mL) in a test tube with
a physiological solution. All prepared test suspensions were maintained at a temperature
of 4 °C in the water bath and used within 2 h.
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2.5. The Concept of Testing Biocidal Effects

The research concept (Figure 1) included three steps, and it intends to define the best
combination of synergistic heat and peroxyacetic acid treatments and consequently estab-
lish an effective disinfection procedure. Contact time was defined as an additional variable
during the test, and the results were processed in the form of kinetic models.

step

This step included the screening of the effect of heat or peroxyacetic acid to assess the
approximate limits of these parameters in which the biocidal effect occurs (Figure 1). The
testing of the individual influence of heat (Figure 1a) includes testing common water tem-
perature ranges used in the sanitation process. More precisely, temperatures of 45, 55, and
65 °C were tested, with a contact time of 1, 3, 5, and 10 min. The heat resistance of micro-
organisms can be affected by the method of heating, which is why it is possible to apply
different techniques in evaluating the heat resistance of bacteria in liquid diluents [36,37].
These methods include heating in water baths using capillary tubes, test tubes, or glass
ampoules that are partially or completely immersed in water; heating via a pasteurization
process; heating apparatus with submerged coils, etc. [38]. In this research study, the test
tube method was used, and the test tube was partially immersed in a heated water bath.
The method was chosen because of its ease of handling and the ability to easily control
the contact temperature. The cell suspension was exposed to direct contact with heated
water in the bath. Also, the tubes with the diluent were pre-tempered at the target tem-
perature so that there would be no temperature differences during the primary contact
between hot water and the reaction tube. Bacterial concentrations at zero minute pre-
sented initial concentration values without heat influence.

When choosing the contact time, we took into account that there is a rapid and sud-
den cooling of the water after contact between hot water and working surfaces with tem-
peratures that are much lower than the initial temperature of the water. The influence of
peroxyacetic acid at room temperature included the testing of 1, 2, and 5% PAA solutions
with contact times of 1, 3, 5, and 10 min (Figure 1b). According to the recommendation of
the manufacturer of the PAA solution, sodium metabisulfite (Na25:0s5) was used for neu-
tralization in the following ratio: 1.25 mg/L of Na25:0s should be added to 1 mg/L of PAA.
Bacterial concentrations at zero minute presented initial concentration values without
PAA influence.

II.  step

To maximize the benefits of a synergistic approach, it is crucial to define and optimize
various factors, not only tested growth-suppressing agent values but also a contact time.
Based on the efficiency of the individual effect of heat and the concentration of peroxya-
cetic acid, an experimental plan was formed that included the following variables and
levels: concentration of PAA solution (1, 1.5, and 2%), water temperature (heat) (55, 60,
and 65 °C), and contact time (1, 3, and 5 min). In order to perform a comprehensive inves-
tigation, a Box-Behnken experimental design was used (Table 2).
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Figure 1. Examination of the biocidal effect: (a) heat; (b) peroxyacetic (PAA) acid.
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Table 2. Experimental design of the operational parameters of antimicrobial treatment.

Coded Values * Numeric Values
Experiment No. PAA Concentration Temperature Contact Time
X1 X> Xz R
(%) Q) (min)

1 -1 -1 0 1 55 3
2 1 -1 0 5 55 3
3 -1 1 0 1 65 3
4 1 1 0 5 65 3
5 -1 0 -1 1 60 1
6 1 0 -1 5 60 1
7 -1 0 1 60 5
8 1 0 5 60 5
9 0 -1 -1 1.5 55 1
10 0 1 -1 1.5 65 1
11 0 -1 1 1.5 55 5
12 0 1 1 1.5 65 5
13 0 0 0 1.5 60 3
14 0 0 0 1.5 60 3
15 0 0 0 1.5 60 3

* Each variable is coded with -1, 0, and 1 corresponding to the lowest, middle, and highest levels of
variation, respectively.

III.  step

The main purpose of testing antimicrobial treatments in laboratory conditions is to
simulate the conditions of the use of the disinfection procedure as closely as possible.
When a disinfectant manufacturer determines the use concentration for their product, it
is necessary to recognize at least three factors that can affect the performance of the disin-
fectant in industrial conditions: contact time, temperature, and organic load [39]. The se-
lected contact times and temperatures are adjusted to reflect the time that the disinfectant
can remain on surfaces before runoff (and non-horizontal surfaces) at average room tem-
peratures. However, the presence of organic matter on surfaces can reduce the activity of
the disinfectant either via a chemical reaction with it or by blocking the physical access of
the active component to the microbiological target [39]. Therefore, this step included an
identical scenario as the previous step shown in Figure 2, but the influence of the so-called
“dirty” conditions is included. This includes the interfering contamination of the reaction
mixture with a bovine albumin solution in order to mimic the conditions of proteinaceous
impurities. After preparing the test suspension, the albumin solution (3 g/100 mL) was
mixed with an equivalent volume of the test suspension (1 mL + 1 mL) during a contact
time of 2 min, followed by a contact step with the PAA solution (8 mL), and all further
steps are shown in Figure 2. The used concentration of the interfering substance is recom-
mended in reference [40]. As the ultimate goal of this step, a “worst case” scenario is set.
Specifically, in the animal food processing industry, an average number of total bacteria
greater than 6 log CFU/cm? is observed before the cleaning process [37], while Salmonella
detection occurs in 10 out of 18 surface swabs [41]. Also, an increased number of samples
positive for the presence of S. Typhimurium by as much as 78% was observed in the pres-
ence of substances with a protein nature [42].
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Figure 2. Scheme of testing the combined treatment of heat and peroxyacetic (PAA) acid.

2.6. Mathematical Analysis

For the evaluation of the individual effect of heat or PAA concentrations, kinetic mod-
eling was performed. The kinetics of bacterial concentrations during contact time with the
tested killing agent was considered as a four-parameter sigmoidal mathematical model
(Equation (1)) that is highly suitable for microbiological systems [43-46].

—d
y(t):dJr“_b
1+[tj @)
C

In Equation (1), the bacterial concentration (log CFU/mL) is represented as y(t),
whereas regression coefficients are denoted as follows: a—minimum of the experimen-
tally obtained values (at ¢ = 0); d—the maximally acquired value; c—the inflection point
(the point between a and d); b—the Hill’s slope (the steepness of the inflection point (c)).
Numerical verification was defined by the reduced chi-square statistic (x?), root mean
square error (RMSE), mean bias error (MBE), and mean percentage error (MPE). These
parameters were calculated using Equations (2)—(5):

. 2
X . — X .
. 2 =P 2
N—n
| 1/2
RMSE =| 3 (5 =50 | ©)
i=1
1 N
MBE = ﬁ : Zl (xpre,i - 'xexp,i) 4 (4)

_ ﬂ . N |xpre,i - xexp,i|
MPE == Z::‘ (=) )

exp,i
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where xeyp,i stands for the experimental values, and xpr.i denotes the predicted values ob-
tained by calculating these measurements using the model. N and n are the number of
observations and constants, respectively.

Moreover, the decimal reduction time (D time) was calculated for each combination
of a tested value of heat or PAA. This value is defined as the contact time between bacterial
cells and the killing agent required for decreasing bacterial concentrations at 1 log CFU.
As a crucial parameter used to quantify the influence of the killing agent on the tested
microorganism, it represents the time it takes to reduce the population by 90% (or one log
cycle) at the tested killing agent value [47].

For the evaluation of the synergistic effect of heat and PAA concentrations, several
mathematical steps were involved. All experiments were part of the previously described
Box-Benken experimental design using the assumed minimal, optimal, and maximal val-
ues of heat and PAA concentrations. Firstly, the obtained results of this experimental de-
sign are presented using the response surface method (Minitab® 21 Statistical Software).
The axes of these graphs show PAA concentrations and temperature values, while the
third variable (contact time) was a constant in the central value (3 min). The relationships
between independent factors and the system’s response (Y) are calculated using a second-
order polynomial equation (Y), where bo is the intercept; and b, bi, and by are the linear,
quadratic, and regression coefficients, respectively. Xi and Xj represent the varied inde-
pendent factors of the system. The individual effects of variables and their interactions
were evaluated based on their p-values (a < 0.05).

n=b0+ibi-xi+ibii-xf+ i b-X;-X, )
i=1 i=1

i=1,j=i+1

As the target output, the bacterial concentration was taken into account. However, in
order to define the percentage of damaged cells among the surviving cells, an indirect
determination of the number was performed on both selective and non-selective media
(XLD or TSA agar). In this way, the surviving cell concentration and percentage of dam-
aged cells were calculated (Figure 2), and both were involved in the calculations. In brief,
with respect to terminology, the viable cell possesses the capability to indefinitely propa-
gate under suitable conditions. The viability of a cell is demonstrated by its ability to
thrive, whether on a solid surface or in a liquid medium [48]. The main goal of food preser-
vation methods is to modify bacterial cells in such a way that they are inactivated, i.e.,
inhibited by some injury. The described cells are called damaged (injured) cells, which do
not have the ability to reproduce during the application of antimicrobial treatment but
also do not die. This modification of cells during antimicrobial treatment consists of
changing one or more cellular structures or functions [49].

3. Results
3.1. Effect of Heat on the Inactivation of Salmonella Cells

Figure 3 presents the obtained data for monitoring bacterial concentrations. Bacterial
concentrations at zero minute presented initial concentration values without heat influ-
ence. All results are presented as experimentally obtained results (dots on graphs) and
mathematically calculated results (lines on graphs).
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Figure 3. The four-parameter sigmoidal mathematical model for heat influence on Salmonella con-
centrations (dots are correlated with experimentally obtained results, while lines define the predic-
tive response of kinetic models).

The initial concentration for all serotypes was between 6 and 6.2 log CFU/mL. It is
noticeable that there is a decrease in the number of all investigated cases. However, the
decreasing trends not only differed significantly at the level of applied temperatures but
also differed at the level of serotypes. The most sensitive strain to the effect of heat is S.
Enteritidis, while the most resistant is S. Derby.

The regression coefficients and the standard errors of the obtained kinetic models are
given in Table 3. All regression coefficients presented in the mentioned table are statisti-
cally significant at p < 0.05.

Table 3. Regression coefficients (d, a, ¢, and b) and the standard errors of the four-parameter sig-
moidal mathematical model for heat influence on Salmonella concentrations.

Serotype

S. Enteritidis S. Derbi S. Typhimurium S. Agona

Temperature
(O

45

55

65 45 55 65 45 55 65 45 55 65

d

0.001
+0.000

0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
+0.000 +0.000 =£0.000 =+0.000 =+0.000 =0.000 +0.000 +0.000 +0.000 +0.000 +0.000

6.099
+0.006

6.141 6.085 6.214 6.204 6.194 6.005 6.007 5929 6.094 6.135 6.074
+0.004 +£0.006 +0.006 +0.008 =+0.003 *+0.010 +£0.006 +0.005 +0.009 =+0.003 +0.008

232.710
+19.237

6.618 2.536 482.502 110.423 172.619 23.934 36.232 13.058 621.091 37.867 24.060
+0.016 +0.001 +51.734 +2.009 +2.464 +2246 +1.549 +0.176 +7.072 +0.472 +0.264

0.383
+0.004

0.807 0.990 0.501 0.732 0.499 0998 0506 0.926 0.494 0.631 0.577
+0.010 £0.000 +=0.003 +0.006 =+0.011 *0.022 +£0.001 +0.009 +0.003 +0.004 +0.009

Table 4 illustrates the degree of agreement between experimental measurements and
the model-calculated results.
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Table 4. The “goodness of fit” of the obtained four-parameter sigmoidal mathematical model for the
individual effect of heat on Salmonella concentrations.

Temp.

Serotype °C) X2 RMSE MBE MPE
45 0.002 0.043 0.000 0.644

S. Enteritidis 55 0.018 0.120 0.003 3.063
65 0.011 0.094 -0.006 4.293

45 0.007 0.076 0.000 1.113

S. Derbi 55 0.000 0.012 0.000 0.175
65 0.007 0.075 0.000 1.061

45 0.037 0.173 0.000 2.623

S. Typhimurium 55 0.003 0.051 0.000 0.923
65 0.036 0.171 -0.001 2.898

45 0.005 0.066 0.000 0.899

S. Agona 55 0.017 0.118 0.000 1.962
65 0.013 0.100 -0.001 1.991

X% reduced chi-square; RMSE, root mean square error; MBE, mean bias error; MPE, mean percent-
age error.

Using the obtained graphical reproduction of results of the individual effect of heat
on bacterial concentration, decimal reduction times (D values) were calculated (Table 5).
The minimum D values are 2.4, 4.65, 1.95, and 2.35 min for S. Enteritidis, S. Derby, S.
Typhimurium, and S. Agona, respectively, and all were obtained at 65 °C. In the case of a
temperature effect of 65 °C, the time required for the reduction of one logio unit is below
2 min, and this was only observed for S. Typhimurium. A time of 2.8 min is necessary for
the inactivation of the same concentration of this serotype at temperatures of 45 and 55
°C. For all other tested serotypes, the time necessary to reduce the defined cell concentra-
tion is greater than 6 min.

Table 5. Decimal reduction time for the effect of heat.

. . Serotype

D Time (min) S. Enteritidis S. Derby S. Typhimurium S. Agona
Das-c >6 7.4 2.8 >7.2
Dss<c 3.3 59 2.8 3.1
Des =c 2.4 4.65 1.95 2.35

3.2. Effect of Peroxyacetic Acid on the Inactivation of Salmonella Cells

Figure 4 presents the obtained data for monitoring bacterial concentrations. Tested
PPA solutions were prepared as 1, 2, and 5% solutions. In the conducted research study,
the influence of different concentrations of peroxyacetic acid solution (1, 2, and 5%) on the
inactivation of Salmonella serotype cells, for which their initial number was between 6 and
6.2 log CFU/mL, was examined. The contact time was also varied, and the short-term con-
tact of cells with the disinfectant was examined for 30 s and 1, 2, 3, and 5 min. Figure 4
shows the results of the effect of the PAA solution during the selected contact time for the
tested isolates. Based on these results, kinetic modeling was performed. All results are
presented as experimentally obtained results (dots on graphs) and mathematically calcu-
lated results (lines on graphs).
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Figure 4. The four-parameter sigmoidal mathematical model for PAA influence on Salmonella con-
centration (dots are correlated with experimentally obtained results, while lines define the predic-
tive response of kinetic models).
The regression coefficients and the standard errors of the obtained kinetic models are
given in Table 6. All regression coefficients presented in the mentioned table are statisti-
cally significant at p < 0.05.
Table 6. Regression coefficients (d, a, ¢, and b) and the standard errors of the obtained models for
PAA influence on Salmonella concentrations.
Serotype S. Enteritidis S. Derbi S. Typhimurium S. Agona
PAAconcen- =y g 1 2 5 1 2 5 1 2 5
tration (%)
d 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
+0.000 £0.000 +0.000 +£0.000 *0.000 *0.000 +0.000 +0.000 +0.000 £0.000 +0.000 =+0.000
a 1.203 0.000 0.000 2.600 1450 0.000 2.160 1.700  0.000 3.413 2250 0.000
+0.005 +0.000 £0.000 £0.004 +0.000 +0.000 +0.001 +0.002 +0.000 £0.005 +0.009 +0.000
. 1.249 1.000 1.000 1.000 2988 1.000 1.000 3.307 1.000 1.167 2.842 1.000
+0.011 £0.003 +0.002 £0.006 *0.010 *0.019 *0.025 =+0.042 =+0.028 +0.009 +0.0210 +0.0290
b 7158 7146 7.146 36.178 17393 7.146 24153 15.800 7.146 233 10966 7.146

+0.019 +0.007 +0.014 +0.048 +0.163 +0.082 +0.083 +0.048 +0.071 +0.010 +0.042 +0.017

Table 7 not only demonstrates the goodness of fit but also assesses the model’s quality
via residual analyses. Crucially, the lack of significant lack-of-fit tests indicates that the
models effectively represent the data. With the obtained parameters, the model compre-
hensively captures variations, showcasing a robust fit with the data.
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Table 7. The “goodness of fit” of the four-parameter sigmoidal mathematical model for PAA con-
centrations with respect to Salmonella concentrations.

PAA

Serotype %) b RMSE MBE MPE
S. Enteritidis 1 0.000 0.001 -0.001 0.030
2 0.000 0.000 0.000 0.000

5 0.000 0.000 0.000 0.000

S. Derbi 1 0.017 0.112 -0.025 5.471

2 0.015 0.106 0.000 5.232

5 0.000 0.000 0.000 0.000

S. Typhimurium 1 0.003 0.045 -0.010 2.455
2 0.060 0.212 0.000 9.120

5 0.000 0.000 0.000 0.000

S. Agona 1 0.005 0.063 -0.014 3.888

2 0.015 0.106 -0.002 3.386

5 0.000 0.000 0.000 0.000

X% reduced chi-square; RMSE, root mean square error; MBE, mean bias error; MPE, mean percent-
age error.

As previously explained, decimal reduction times were also calculated for PAA’s in-
fluence on bacterial concentrations (Table 8). As observed for PAA influences, minimal D
values are 0.1 min for all four Salmonella serotypes, indicating a strong influence of the 5%
PAA solution. However, the D values for 1 and 2% PAA solution did not exceed 1.5 and
1.15 min, respectively.

Table 8. Decimal reduction time for the effect of the PAA solution.

. . Serotype
D Time (min) S. Enteritidis S. Derby S. Typhimurium S. Agona
D% 0.7 1.5 1.45 0.95
D2 0.1 0.95 1.15 0.8
D52 0.1 0.1 0.1 0.1

3.3. Synergistic Effect of Heat and Peroxyacetic Acid on the Inactivation of Salmonella Cells in
Clean Conditions

Table 9 summarizes the data of the Box-Benken design in clean conditions. The tested
outputs were surviving cell concentration and the percentage of damaged cells obtained
via incubation on non-selective and selective nutrient media, respectively. The effective-
ness of disinfection treatment combining PAA with concentration, heat, and contact time
variations indicated that the use of PAA, even at low concentrations, showed notable ef-
fectiveness in reducing Salmonella regardless of the serotype. However, the impact of heat
on Salmonella inactivation was also evaluated, revealing its dependence on specific culture
conditions. Generally, mild temperatures were associated with extended times required
for significant inactivation, making them less feasible from an industrial perspective (Ta-
ble 9).
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Table 9. The Box-Behnken experimental data in clean conditions.

Box-Behnken Surviving Cell Concentration Cell Damage Rate
Design (log CFU/mL) (%)
S
o — ’a*
..a. P ~ ‘..E 'E > - _E 'E o «
£ : E ¥ E % & ¥ B 1% &
“a o= (] o &n 9] o 13 &n
g s = 2 = =) < < < A <
a & 3} Fﬁ o . g o .
S s > n 2 = > n oS
o g s oS &= & =
« = 8 ) 3
<
A~
1 55 3 2.2 187 248 184 27 22 30 21
2 55 3 0.9 14 1.26 0.7 25 20 50 0
1 65 3 123 1175 184 112 59 33 26 23
2 65 3 0 0 04 0 0 0 0 0
1 60 1 156 157 221 1.21 19 30.5 28 19
2 60 1 085 091 184 078 285 25 19 30
1 60 5 0 171 191 1.3 0 6 29 16
2 60 5 0 0 0.3 0 0 0 0 0
1.5 55 1 205 1.98 2.5 1.86 37 45 41 8
1.5 65 1 201 196 243  1.63 22 26 15.5 5
1.5 55 5 193 177 233 14 54 51 17 20
1.5 65 5 0.47 0.3 1.68 0 50 0 29 0
1.5 60 3 0.7 108 126 1.01 20 17 17 0
1.5 60 3 0.7 1.0 1.26 1.0 20 10 17 0
1.5 60 3 0.7 1.08 126 1.0 20 17 17 0

The obtained data for the surviving Salmonella cell concentration in clean conditions
was analyzed via response surface plots (Figure 5), which are consequently used for
graphical optimization and the determination of the optimal values of examined parame-
ters. The same evaluation protocol was repeated for damaged Salmonella cells in clean con-
ditions (Figure 6).

In the case of the minimum tested contact time of 1 min, the obtained results under-
scored the substantial impact of PAA concentrations on Salmonella survival and damage
rates. Namely, higher PAA concentrations, such as 2%, lead to more effective bacterial
inactivation, resulting in lower surviving cell concentrations and reduced damage rates.
On the other hand, the influence of temperature is not negligible. The highest tested tem-
peratures tend to enhance the inactivation effect for all serotypes. For example, at 60 °C as
the middle value, S. Enteritidis exhibited a surviving cell concentration of 1.56 log
CFU/mL with a cell damage rate of 19%. When the temperature was increased to 65 °C,
the same concentration of S. Enteritidis (2.01 log CFU/mL) was observed but with a lower
damage rate (15%). The obtained graphical optimization also indicates that different Sal-
monella serotypes exhibit varying sensitivities to PAA and temperatures. S. Typhimurium,
for instance, displayed a higher damage rate at 60 °C (30.5%) compared to other serotypes
under the same conditions.
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Figure 5. Response surface plots for the Box-Behnken experimental design in clean conditions for
the concentration of surviving cells.

Longer contact times generally lead to lower surviving cell concentrations and higher
damage rates. Using a contact time of 3 min, higher PAA concentrations also lead to more
effective bacterial inactivation and reduced surviving cell concentrations as in the previ-
ously explained combinations. For example, when PAA concentrations increased from 1%
to 2%, S. Enteritidis exhibited a significant reduction in surviving cell concentrations from
2.2t0 0.9 log CFU/mL, and cell damage rates varied from 27% to 25% after a 3 min contact
time at 55 °C. Additionally, at higher temperatures (65 °C), bacterial inactivation was more
pronounced. For instance, at 65 °C with 1% PAA, S. Enteritidis showed a surviving cell
concentration of 1.23 log CFU/mL, whereas it was 2.2 log CFU/mL at 55 °C. The cell dam-
age rate also increased from 27% to 59%. Furthermore, S. Derby showed higher damage
rates at 55 °C compared to other serotypes under the same conditions.

In the case of a contact time of 5 min between 1% PAA and a temperature of 60 °C, S.
Enteritidis exhibited complete inactivation (no surviving cells) with a cell damage rate of
0%. However, other serotypes, like S. Typhimurium, S. Derby, and S. Agona, exhibited
varying levels of survival and damage after 5 min of the synergistic effect of tested influ-
ences. Doubling the PAA concentration to 2% at 60 °C led to a significantly reduced sur-
vival of Salmonella. Only S. Derby survived, albeit in a minimal concentration (0.3 log
CFU/mL) and without any damaged cells. Temperature variations had different effects on
different serotypes. For instance, when the temperature was lowered by 5 °C (55 °C in-
stead of 60 °C) with 0.5% PAA, S. Enteritidis and S. Typhimurium showed increased sur-
vival compared to the 60 °C condition. This demonstrates that lower temperatures can
reduce the effectiveness of PAA in certain cases. Even when some cells survive, the dam-
age rates can differ significantly. For example, at 55 °C with 0.5% PAA, S. Enteritidis had
a higher cell damage rate (54%) compared to S. Typhimurium (51%), indicating varying
degrees of sensitivity relative to the disinfection process.
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Figure 6. Response surface plots for the Box-Behnken experimental design in clean conditions for
the cell damage rate.

ANOVA analysis was conducted to assess the synergistic impact of temperature,
time, and PAA concentrations using second-order polynomial models (SOPs) in clean con-
ditions. The influence of these variable factors on response variables (SSE, SST, SSD, and
SSA) was examined (refer to Table 10). The results indicated that the synergistic effect of
temperature, time, and PAA concentrations primarily stemmed from the linear terms of
SSE, SST, SSD, and SSA SOP models (refer to Table 10). Also, the quadratic temperature
term significantly affected SOP calculations for SSE (p <0.01) and SSD (p < 0.05). Addition-
ally, the non-linear interaction term between PAA and time had a significant impact on
SSD (p < 0.05), while the interaction between temperature and time significantly influ-
enced SST (p < 0.05). The coefficients of determination (r?) for SOP models were notably
high, ranging from 0.628 to 0.965 (refer to Table 10). Higher r? values were associated with
SOP models where non-linear terms exerted a stronger and more distinct influence. De-
spite this, the relatively imprecise results obtained from SOP models suggest the possibil-
ity of exploring alternative nonlinear models to enhance the accuracy of predictions.

Table 10. ANOVA calculation of the synergistic effect of heat and PAA concentrations in clean con-
ditions (sum of squares is shown).

Factor

df SSE SST SSD SSA DSE DST DSD DSA

PAA concentration
Temperature
Time

1.31% 2.02* 2.69* 199* 331.53 270.28 242.00 300.13
142* 1.61* 0.62* 1.16* 18.00 780.13 569.53* 55.13
2.07** 0.87* 095* 097*  0.78 603.78 101.53  84.50

PAA concentration?

Temperature?
Time?

037 015 017 022 41194 112.54 7.63 333.23
1.80* 024 0.76* 0.09 1238.21 340.58 240.01 8.31
017 014 1.01* 0.01 21.94  143.27 1.17 168.23

PAA concentration x Temperature
PAA concentration x Time
Temperature x Time

000 012 0.01 0.00 81225 24025 529.00* 1.00
0.13 028 038* 0.19 22.56 0.06 100.00 182.25
050 053* 0.08 034 30.25  256.00 351.56 72.25

Error

[ N e e L e

050 027 024 029 177531 675.60 340.06 468.25

r2

0940 0957 0965 0946  0.628 0.804  0.863 0.713




Pathogens 2023, 12, 1336

16 of 28

Surviving cells concentrations for the following: SSE—S. Enteritidis; SST—S. Typhimurium; SSD —
S. Derby; SSA—S. Agona. Cell damage rate for the following: DSE—S. Enteritidis; DST—S. Typhi-
murium; DSD—S. Derby; DSA—S. Agona. ** Statistically significant at p < 0.01 level; * statistically
significant at p < 0.05 level.

3.4. Synergistic Effect of Heat and Peroxyacetic Acid on the Inactivation of Salmonella Cells in
Dirty Conditions

Table 11 summarizes data on the Box—Benken experimental design in dirty condi-
tions. Tested outputs were surviving cell concentrations and the percentage of damaged
cells obtained via incubation on non-selective and selective nutrient media, respectively.
The results revealed that under certain conditions, particularly at higher PAA concentra-
tions and longer contact times, significant reductions in Salmonella survival were achieved.
However, these reductions were accompanied by increased damage rates, indicating a
trade-off between the effectiveness of inactivation and potential cellular damage. There-
fore, the obtained data for surviving Salmonella cell concentrations in dirty conditions
were analyzed via response surface plots (Figure 7), which were consequently used for
graphical optimization and the determination of optimal values of examined parameters.
The same evaluation protocol was carried out for cell damage rates in dirty conditions
(Figure 8).

The combination of 1% PAA and a temperature of 60 °C for 1 min resulted in various
survival and damage rates for different Salmonella serotypes. S. Enteritidis exhibited a
moderate surviving cell concentration (1.88 log CFU/mL) with a damage rate of 16%, while
S. Typhimurium showed a higher concentration (2 log CFU/mL) with a lower damage rate
(7%). S. Derby and S. Agona had relatively high survival concentrations (2.65 and 1.45 log
CFU/mL) but with varying damage rates (5% and 11%, respectively). Doubling the PAA
concentration to 2% at the same temperature and contact time led to a significant reduc-
tion in survival, with only S. Derby surviving (0.48 log CFU/mL) but with a higher damage
rate (33%). Increasing the temperature to 65 °C had a pronounced effect on survival and
damage rates. For S. Enteritidis, the survival concentration decreased to 0.84 log CFU/mL,
with no damaged cells. S. Typhimurium showed a slight decrease in survival (1.30 log
CFU/mL) with a damage rate of 15%. S. Derby and S. Agona displayed substantial reduc-
tions in survival and varying damage rates under these conditions.

Table 11. Box-Behnken experimental data in dirty conditions.

Box-Behnken Surviving Cells Concentration Cell Damage Rate
Design (log CFU/mL) (%)

g —_—

o — [<)

" v > S g B> « e ‘g > «

= 5 g E g 2 g £ g T g
= Rl o o 3 &n o R 13 9]

e § % £ & &8 < £ £ @8 <

g = & B & 2 w3 = & V3 o5

c F £ « = “ =

< =~ o %] w

< )

A~

1 55 3 243 231 342 224 41 35 61 43

2 55 3 221 191 295 191 17 15 12 21

1 65 3 232 212 280  1.68 9 9 6 23

2 65 3 0.60 030 2.02 0.00 0 0 12 0

1 60 1 188 200 265 145 16 7 5 11

2 60 1 0.00 0.00 048 0.00 0 0 33 0

1 60 5 1.00 1.00 223 090 30 40 12 13

2 60 5 000 1.00 040 0.90 0 0 40 0
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1.5 55 1 1.48 1.41 221 1.34 13 27 9 14
1.5 65 1 0.84 1.30 1.51 1.21 0 15 34 0
1.5 55 5 2.62 2.24 2.98 221 28 47 29 51
1.5 65 5 1.48 1.41 221 1.34 23 51 13 23
1.5 60 3 2.05 1.84 1.49 1.74 43 30 78 25
1.5 60 3 2.05 1.84 1.49 1.74 43 30 78 24
1.5 60 3 2.05 1.84 1.49 1.74 43 30 78 25

In the case of a contact time of 3 min, some pathways with respect to bacterial behav-
ior can be summarized. In combination with 1% PAA at a temperature of 55 °C, S. Enter-
itidis demonstrated resilience, maintaining a relatively high survival concentration of 2.43
log CFU/mL. This can suggest that this serotype exhibits a certain degree of resistance to
PAA at this concentration and temperature. S. Typhimurium displayed a similar pattern,
with a survival concentration of 2.31 log CFU/mL. S. Derby exhibited remarkable robust-
ness, surviving with a high concentration of 3.42 log CFU/mL, although significant cell
damage was observed (61%). This highlights its exceptional resilience in the presence of
low concentrations of PAA and elevated temperatures. S. Agona demonstrated moderate
resistance, with a survival concentration of 2.24 log CFU/mL and 43% cell damage. It is
more resistant than S. Typhimurium but less so than S. Derby. When the PAA concentra-
tion was increased to 2%, S. Enteritidis still showed the same level of survival, with a con-
centration of 2.21 log CFU/mL and a reduced cell damage rate of 17%. S. Typhimurium,
S. Derby, and S. Agona exhibited reduced survival concentrations (1.91, 2.95, and 1.91 log
CFU/mL, respectively) with lower cell damage rates (15%, 12%, and 21%, respectively)
compared to the 1% PAA concentration. At a contact time of 3 min at 65 °C, S. Enteritidis
displayed a survival concentration of 2.32 log CFU/mL with a 9% cell damage rate when
subjected to 1% PAA. This suggests that elevated temperature enhances PAA’s effective-
ness in reducing survival with low cell damage. Moreover, S. Typhimurium showed a
similar trend at 65 °C, with reduced survival (2.12 log CFU/mL) and minimal cell damage
(9%). S. Derby exhibited resistance, maintaining a survival concentration of 2.80 log
CFU/mL with low cell damage (6%), while S. Agona displayed a moderate level of re-
sistance, surviving at 1.68 log CFU/mL with a 23% cell damage rate. With a double PAA
concentration (2%) and exposure to 65 °C, S. Agona showed no surviving cells, indicating
high susceptibility to this combination. S. Enteritidis and S. Typhimurium exhibited min-
imal survival (0.6 and 0.3 log CFU/mL, respectively) with no cell damage. This suggests
that high PAA concentrations combined with elevated temperatures can effectively elim-
inate these serotypes. Remarkably, S. Derby stood out as an exceptionally resistant sero-
type, maintaining a survival concentration of 2.02 log CFU/mL with a 12% cell damage
rate.

When the maximum tested contact time of 5 min was combined with a 1% PAA con-
centration and a temperature of 60 °C, S. Enteritidis and S. Typhimurium displayed mod-
est survival concentrations at approximately 1 log CFU/mL. However, their cell damage
rates varied significantly, with S. Enteritidis experiencing a 30% damage rate and S. Typhi-
murium having a higher 40% damage rate. S. Derby and S. Agona maintained higher sur-
vival concentrations of 2.23 and 0.9 log CFU/mL, respectively, with cell damage rates of
12% and 13%. This suggests differential susceptibility to PAA treatment among Salmonella
serotypes. When the PAA concentration was increased to 2% and the other two parame-
ters were simultaneously maintained at the same values, S. Enteritidis was completely
inactivated, while S. Typhimurium, S. Derby, and S. Agona exhibited varying degrees of
survival ranging from 0.4 to 1 log CFU/mL. Notably, S. Derby displayed a substantial 40%
cell damage rate. When the temperature was reduced by 5 °C, along with a PAA concen-
tration (1.5%), a different outcome was observed. S. Enteritidis showed a higher survival
concentration of 2.62 log CFU/mL with a 28% cell damage rate, while S. Typhimurium
exhibited a survival concentration of 2.24 log CFU/mL with a 47% cell damage rate. S.
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Derby exhibited a higher survival concentration of 2.98 log CFU/mL with a 29% cell dam-
age rate, and S. Agona displayed a concentration of 2.21 log CFU/mL with a substantial
51% cell damage rate. This suggests that lower temperatures and lower PAA concentra-
tions can lead to higher survival concentrations and damage rates. In contrast, when a
combination of 1.5% PAA and a temperature of 65 °C was applied for 5 min, all four
strains—S. Enteritidis, S. Typhimurium, S. Derby, and S. Agona—exhibited consistent
survival concentrations of approximately 2.62, 2.24, 2.98, and 2.21 log CFU/mL, respec-
tively. Their cell damage rates were approximately 28%, 47%, 29%, and 51%, respectively.
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Figure 7. Response surface plots for the Box-Behnken experimental design in dirty conditions for
the concentration of surviving cells.
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Figure 8. Response surface plots for Box-Behnken experimental design in dirty conditions for the
cell damage rate.

An ANOVA analysis was conducted to evaluate the combined effects of temperature,
time, and PAA concentrations using second-order polynomial models (SOPs). The impact
of these factors on response variables (SSE, SST, SSD, and SSA) was examined, as shown
in Table 12. The results revealed that the synergistic influence of temperature, time, and
PAA concentrations primarily originated from their linear and quadratic terms (refer to
Table 12). The coefficients of determination (r2) for SOP models were remarkably high,
ranging from 0.833 to 0.968 (refer to Table 12).

Table 12. ANOVA calculation for the synergistic effect of heat and PAA concentrations in dirty con-

ditions (sum of squares is shown).
Factor df SSE SST SSD SSA  DSE DST DSD DSA
PAA concentration 1 290* 223* 345* 1.50* 793.33* 722.58* 17.82 575.20
Temperature 1 1.01 055* 025 092* 874.80** 1396.76 ** 2681.51* 346.14
Time 1 154* 094* 114 150* 555.68* 297.12 267.94 858.44 *
PAA concentration? 1 0.48 016 4.04* 017 418.02* 5150 2929.56* 152.80
Temperature? 1 0.10 0.11 012 023 341.56* 966.27*  21.85 487.74
Time? 1 241* 077* 035 0.68* 937.32*  2.64 2940.71* 325.61
PAA concentration x Temperature 1 0.56 051* 002 046  59.99 30.20 753.87 0.43
PAA concentration x Time 1 0.19 1.00** 0.03 0.53* 5027 272.25 0.24 0.99
Temperature x Time 1 0.06 0.13 000 0.13 18.90 63.05 409.94 57.62
Error 5 1.00 0.21 143 036 20638 23070 1779.53 487.68
72 0.903 0968 0.869 0944 0.948 0.944 0.833 0.853
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Surviving cells concentration for the following: SSE—S. Enteritidis; SST—S. Typhimurium; SSD—S.
Derby; SSA—S. Agona. Cell damage rates for the following: DSE—S. Enteritidis; DST—S. Typhi-
murium; DSD—S. Derby; DSA—S. Agona. ** Statistically significant at p < 0.01 level; * statistically
significant at p < 0.05 level.

4. Discussion
4.1. Effect of Heat on the Inactivation of Salmonella Cells

The cell inactivation of four selected Salmonella serotypes via heat was included in
the first step of this research study. A temperature of 45 °C could be defined as insuffi-
ciently effective for all tested bacteria, considering that the decreasing trend of the number
of viable cells is minor. If the ability to maintain a certain temperature is minimal when in
contact with a cold work surface, the previous observation is additionally supported. Heat
treatment at a temperature of 55 °C caused a linear decrease in the total population of all
tested isolates, but the overall treatment reduced the population number far less com-
pared to the treatment at a temperature of 65 °C. The advantages of applying the highest
tested temperature are also easily visible in the presented graphs, especially in the case of
S. Enteritidis and S. Typhimurium where the abundance of the tested serotypes decreases
sharply. Also, it is noticeable that S. Derby is the most resistant strain tested at a temper-
ature of 65 °C (Figure 3). In the research conducted by Hassan et al. [50], a similar behavior
was obtained in the case of Salmonella S1, S4, and S7 isolated from food samples. The men-
tioned isolates were almost completely resistant to the influence of a temperature of 55 °C,
while a temperature of 65 °C was determined as efficient and effective for cell inactivation.
Additionally, Des °c values were calculated, and the obtained values were 0.65, 1.02, and
0.49. This parameter enables the comparison of the relative heat resistance of different
microorganisms. In the recent literature, this value for S. Enteritidis is between 1.3 and 2.7
min [51] at 55 °C. Low D values of 0.22 and 0.66 min at 65 °C were defined for S. Typhi-
murium, which is associated with dependence on the incubation temperature of the pri-
mary bacterial culture [52]. In comparison with the obtained results in Table 5, these re-
sults certainly indicate lower values. Conversely, for the thermal inactivation of S. Agona
cells, a D parameter of 5.2 min at 65 °C is defined [53], which is significantly higher than
the obtained values in this study. Rajkowska et al. [54] reported a significant difference in
the D values obtained for heat treatments at 55 and 65 °C for Salmonella isolated from meat
and seafood. Namely, D values for 55 °C were within the range of 7.08 and 7.5 min, while
the same effect on cell inactivation at 65 °C was obtained for the range of 0.45-0.86 min.
Summarizing the presented data, it can be concluded that the comparison of D values in
research is extremely difficult due to the significant influence of various factors on thermal
inactivation, such as the selected liquid diluent, temperature, bacterial strain, physiologi-
cal state of microbial cells, heat exposure conditions, the possibility of cell recovery from
sublethal injuries, etc. However, it has long been assumed that the relationship between
the number of surviving cells and the time of exposure to constant temperature is expo-
nential [38]. While deviations from traditional exponential inactivation kinetics and nu-
merous exceptions exist, D values continue to serve as a valuable indicator for assessing
heat resistance levels and facilitating comparisons among various microorganisms and
experimental scenarios [48].

Other observations of the obtained results can be mentioned. It is often in the kinetic
studies of heat-influenced cell inactivation that a so-called “shoulder” of the curve during
the initial warm-up time is observed. This phenomenon indicates that cells are inactivated
at a slower rate [55]. However, in this research study, the described occurrence was not
observed, which potentially indicates the fast, uniform, and correct manipulation of the
selected system for thermal inactivation and temperature constancy during the experi-
ment. The obtained kinetic pathways are strong proof of this state, while additional cal-
culations numerically confirm the quality of the presented mathematical modeling. The
selected numerical verification parameters specify the simplicity, robustness, and accu-
racy of the presented four-parameter sigmoidal mathematical models. Importantly, the
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lack of fit tests for mathematical models proved to be insignificant, signifying their satis-
factory representation of the data. It can be concluded that mathematically formed pre-
dictive models for all four Salmonella serotypes can be tools for the prediction of bacterial
behavior during heat influence in tested conditions. Also, in some thermal inactivation
tests, the formation of cell flocculates was visually observed, which was previously de-
scribed in the scientific literature to be related to S. Enteritidis [56]. This clustering of cells
is thought to have a protective effect on Salmonella cells during antimicrobial treatment. In
the case of grouping, the cells in the water environment behave the same as when they are
in the biofilm, showing greater resistance to the applied antimicrobial treatment.

In summary, heat treatment using temperatures between 45 and 65 °C cannot be con-
sidered effective enough to achieve a targeted biocidal effect, considering that the contact
time necessary for the reduction in a certain number of cells is extremely high. Therefore,
it is necessary to examine other or additional influences of factors that would enable a
greater reduction in cell numbers in the shortest possible period. Also, it should be em-
phasized that for almost an entire century, the food industry assumed that during the
assessment of treatment outcomes, thermal inactivation always follows first-order kinet-
ics. However, there is increasing evidence that supports the possibility that the inactiva-
tion of microbial cells does not follow this kinetic model, especially during mild heat treat-
ment. In the case where the obtained curves are not log-linear, Cebriadn et al. [48] empha-
sized that the D value as an efficiency criterion should be taken with special caution.
Therefore, an alternative concept for thermal microbial inactivation is recommended and
denoted as tkD, which was developed to describe the resistance of microorganisms to
heat. This criterion describes the time (t) required for a reduction in k log units in the
microbial population. In this concept, the deviation from first-order kinetics is taken into
account when evaluating the efficiency of the thermal treatment. In the end, it should be
emphasized that the size of the inoculum, i.e., the initial concentration of cells, was not
considered in the presented research study because the most undesirable situation was
taken into account—a large number of initially present cells. Further research would an-
swer the hypothesis of whether the difference in the effect of heat can be easily observed
with a lower-concentration inoculum of Salmonella species, i.e., faster inactivation of a log
unit of cells compared to high-concentration inoculum experiments.

4.2. Effects of Peroxyacetic Acid on the Inactivation of Salmonella Cells

Based on the linear dependence on the obtained models, it is noticeable that there is
a decrease in the number in all examined cases. Also, higher sensitivities can be defined
for S. Enteritidis and S. Agona for all tested concentrations compared to S. Derby and S.
Typhimurium. A concentration of 5% could be defined as fully effective given that the
reduction in the number of viable cells is almost instantaneous. However, the 2% solution
proved to be very effective against S. Enteritidis, for which its effect was comparable to
the highest concentration tested. Although decreasing trends are also observed for 1%
PAA treatment for all bacteria, different kinetic pathways are obtained compared with the
effect of the previously mentioned PAA concentration. For all tested isolates, during con-
tact with the 5% PAA solution, less than 0.1 min is necessary for a reduction of one log10
unit. The same D value was obtained for S. Enteritidis upon contact with a 2% solution,
while the D values were between 0.8 and 1.15 min for other tested serotypes. The highest
D values were observed when applying a 1% PAA solution; thus, for the reduction of one
log10 unit, a minimum of 0.7 min was necessary for S. Enteritidis, and a maximum of 1.5
min was necessary for S. Derby. As the current use of PAA as a disinfectant solution is still
limited, far fewer studies have been conducted compared to thermal inactivation studies.
Aryal and Muriana [57] defined a D value of 1.67 min as sufficiently effective for the log-
arithmic reduction in S. Montevideo with a 1% PAA solution. As part of the research by
Kumar et al. [58], the D value for S. Typhimurium is 1.76 min when applying a 0.05%
solution. For the same serotype, a D value of 2.02 min was also demonstrated when cells
were contacted with a 0.04% solution [59]. It is noticeable that lower concentrations of the
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tested solution were used in the mentioned research; however, the chosen concentrations
of the disinfectant in this research study are in accordance with the manufacturer’s rec-
ommendations. More specifically, PAA solutions in concentrations between 10% and 15%
represent stable forms for industrial storage over a long period, and the long-term storage
of solutions lower than 1% is not recommended [60]. The presented data not only demon-
strate the goodness of fit of kinetic models but also assess the model’s quality via residual
analyses. Crucially, the lack of significant lack-of-fit tests indicates that the models effec-
tively represent the data. Numerical verification shows a robust fit with the data. It can be
concluded that mathematically formed predictive models for all four Salmonella serotypes
can be tools for the prediction of bacterial behavior during PAA influence in tested condi-
tions.

In summary, antimicrobial treatment using PAA solution concentrations between 1
and 5% can be considered effective enough to achieve a biocidal effect given that the con-
tact time necessary for the reduction of one log10 unit of cells is equal to or less than 1.5
min. In view of the ecological and economic criteria, saving chemical agents is necessary
at the industrial level, and lower concentrations are most often applied. Therefore, PA
concentrations of 1 and 2% can be singled out as effective for applications. In addition to
this, the processes of sanitation and disinfection are often coupled, and it is necessary to
examine the mutual influence of the treatment, which would potentially enable a reduc-
tion in economic parameters in the case of the possibility of using lower concentrations of
disinfectants, lower temperatures, etc. An additional observation during the PAA cell in-
activation treatment study is the fact that there was no formation of cell flocculates visible
to the naked eye in contrast to the heat inactivation assay, which potentially indicates that
the cells do not have enough time to activate any defense mechanism.

One more essential observation needs to be addressed. Bacterial growth tempera-
tures are a critical factor that can significantly influence the resistance of Salmonella to
stressors such as antimicrobial agents [58]. This study not only included Salmonella growth
at 37 °C as the optimal growth temperature but also the average body temperature for
many mammals. Consequently, the optimal growth conditions can lead to metabolic bal-
ances without a timely response to environmental stress. On the other hand, when Salmo-
nella is cultured at a lower temperature, it might exhibit different responses to stress [58].
A parallel hypothesis can be posited for bacterial resistance in the context of PAA influ-
ences. The reasons for such responses in bacterial behavior can be explained at the meta-
bolic level since stress response proteins during Salmonella grown at a temperature below
20 °C appear to be more selective in maintaining the proper folding of proteins and the
protection of mRNA. Many proteins involved in amino acid metabolism, virulence pro-
teins, and functional flagella formation can be affected during cold stress at low Salmonella
growth temperatures [58]. An additional reason for further investigation in this direction
is the used temperature range in the meat industry because many steps during meat pro-
cessing involve refrigeration temperatures. The proposed direction is an investigation of
Salmonella resistance against heat and PAA, which could be of principal importance, of-
fering insights into the temperature-dependent characteristics of distinct serotypes. The
anticipated outcomes may include the formulation of more stringent disinfection proto-
cols and the enhancement of overall hygienic practices in food processing.

Investigating how growth temperatures affect Salmonella resistance to heat and PAA
can be crucial and lead to an understanding of the growth temperature dependence of the
used serotypes. As an outcome, strict temperature control and better hygienic practices
can be expected.

4.3. Synergistic Effects of Heat and Peroxyacetic Acid on the Inactivation of Salmonella Cells in
Clean Conditions

Recognizing that a single-pronged reliance on heat or peroxyacetic acid for tested
Salmonella inactivation might not be the most maintainable strategy, a comprehensive
Box-Behnken evaluation of the synergistic effect of heat and peroxyacetic acid on four
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Salmonella serotypes was carried out for the first time. In clean conditions, the minimum
number of surviving cells is achieved at temperatures between 60 and 62.5 °C, while the
concentration of the PAA solution has the greatest influence at the highest tested value. In
the case of S. Typhimurium, the minimum number of surviving cells was reached at tem-
peratures from 60 to 65 °C when the concentration of the PAA solution was within the
range of 1.5% to 2%. The obtained plots also show the prediction of the number of surviv-
ing cells after antimicrobial treatment for S. Derby and S. Agona. Based on the presented
results, it was clearly observed that in the case of S. Derby, the number of surviving cells
decreased directly with respect to an increase in PAA solution concentrations and temper-
atures. In contrast, the lowest number of S. Agona surviving cells was already observed
at a temperature of 60 °C and a PAA solution concentration within the range of 1.5 to 2%.
The percentage of damaged cells for S. Enteritidis, S. Typhimurium, S. Derby, and S.
Agona is within the range of 0-59, 0-51, 0-50, and 0-30%, respectively, which indicates
the importance of testing this parameter. Achieving a high percentage of damaged cells in
the population of surviving S. Enteritidis cells requires the maximum investigated tem-
perature value and the minimum PAA solution value. Also, the figure shows a minimum
region for a high percentage of damaged cells at a temperature of 55 °C in the case of
medium concentrations of the PAA solution. The research by Suo et al. [58] proved that
when mild heat treatment (55 °C) was used, significant sublethal injuries occurred, the
percentage of which decreased over time. On the other hand, in the case of S. Typhi-
murium, the maximum percentages of damaged cells were obtained in the case of the
minimum temperature at almost the entire concentration range of the PAA solution. The
highest number of damaged cells of S. Derby was observed at the minimum and maxi-
mum tested temperatures and almost in the entire range of tested PAA solution concen-
tration values. On the other hand, the percentage of damaged S. Agona cells is the highest
in the case of low-temperature values and low PAA solution concentrations, but the rela-
tive percentage of damaged cells is much lower compared to all other examined serotypes.

Based on the ANOVA calculations, it can be noted that all three tested variables have
a significant impact on the survival of all tested serotypes (bold results for individual pa-
rameters). However, the effects of the interactions among the variables differ at the sero-
type level. For surviving S. Enteritidis cells (SSEs), the greatest influence was observed
with respect to temperature, while the mutual influence of temperature and contact time
was the most significant for surviving S. Typhimurium cells (SSTs). In the case of surviv-
ing S. Derby cells (SSDs), the interrelationships between temperature and contact times
and the concentration of the PAA solution and contact times have a significant effect on
the number of surviving cells. On the other hand, with surviving S. Agona cells (55A), no
significant dependence on the mutual influence of investigated variables was observed.
Given the observed serotype, S. Derby showed the greatest resistance in the examination
of the single-factor effects of heat, i.e., peroxyacetic acid; the obtained results exhibited
significant dependence on all examined factors, and this was expected. Stronger antimi-
crobial treatment is necessary for this strain given that the obtained D parameters are high
compared to other serotypes; thus, the examination of the synergistic effect is of particular
importance for this serotype. In order to confirm the described results, the same calcula-
tions were carried out for damaged cells. The calculated statistical parameters indicated
the significance of the study of individual and mutual influences of antimicrobial treat-
ment parameters. Interestingly, there are no effects of the system that stand out for the
percentage of damaged S. Enteritidis, S. Typhimurium, and S. Agona cells (DSE, DST, and
DSA), while for damaged S. Derby cells (DSD), two effects of particular importance were
observed. In particular, for S. Derby, the effects of temperature, as well as the mutual re-
lationship between the concentration of the PAA solution and temperature, are distin-
guished.

In summary, the synergistic effect of the combination of temperature and PAA solu-
tion concentrations had different efficacies on surviving and damaged cell populations of
Salmonella serotypes under clean conditions. It can be assumed that during mild thermal
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treatment, cells are damaged over time, but they are not dead. When bacteria are exposed
to heat stress, heat shock proteins are rapidly synthesized, help cell survival, and create a
protective oxidative stress effect [60]. However, with the application of the examined val-
ues of PAA solution concentrations, it is possible to additionally influence the more effi-
cient response of the system, and the following antimicrobial treatment values in clean
conditions are generally recommended: temperatures higher than 60 °C, concentrations
of PAA solution from 1.5 to 2%, and contact time of 3 min or more.

4.4. Synergistic Effects of Heat and Peroxyacetic Acid on the Inactivation of Salmonella Cells in
Dirty Conditions

By comparing the number of surviving cells in clean and dirty conditions, the maxi-
mum values of surviving cells were obtained and were 19, 17, 37, and 20% higher relative
to S. Enteritidis, S. Typhimurium, S. Derby, and S. Agona, respectively. From these data
alone, it can be assumed that in dirty conditions, more aggressive antimicrobial treatment
is needed to achieve the disinfection effect. The lowest number of surviving S. Enteritidis
and S. Typhimurium cells is at temperatures of 60-65 °C and PAA solution concentrations
between 1.5 and 2%. Achieving the maximum effect with S. Derby is not possible within
the limits shown in the figure. This result confirms previous results that show that S.
Derby is the most resistant strain and the potential need for antimicrobial treatments to
last longer if the temperature and concentration values of the PAA solution are kept within
the tested ranges. This is also evidenced by the obtained minimum surviving cell values
in the experiment in which a contact time of 5 min was applied. Temperatures that are
close to the tested maximum are necessary for the minimum number of surviving S.
Agona cells, which also applies to the PAA solution’s concentration. Although the tested
strains belong to the same species, each exhibits different resistance phenomena to anti-
microbial treatment; thus, treatment parameters must be optimized individually for each
serotype regardless of their phylogenetic similarity. However, common ranges can be de-
fined for experiments under clean conditions: temperatures within the range of 62.5 to 65
°C, PAA solution concentrations between 1.5 and 2%, and contact times higher than 3 min.

As in the case of the number of surviving cells, it is also possible to observe different
percentages of damaged cells in relation to clean conditions. A lower percentage of dam-
aged cells was obtained for S. Enteritidis, and the same was obtained for S. Typhimurium;
a higher percentage was obtained in the case of the two remaining serotypes: S. Derby
and S. Agona. A higher percentage of damaged cells in dirty conditions could have been
the starting hypothesis given that the resistance of Salmonella cells in the presence of or-
ganic loads is higher [41], making the antimicrobial treatment insufficiently effective in
causing cell death. However, the obtained results indicate differences at the serotype level.
The maximum number of damaged cells is obtained at relatively low tested temperatures
and concentration values with respect to the PAA solution in the case of S. Enteritidis. On
the other hand, a high percentage of damaged S. Typhimurium cells was observed at a
temperature of 55 °C and medium concentrations of the PAA solution. The obtained re-
sults of the S. Derby test indicate that the highest percentage of damaged cells is obtained
by applying the mean values of the tested parameters. This is visible on the graph with
cyclical circles that indicate the highest values at the center of the graph. In contrast, with
respect to S. Agona, it is clearly observed that the application of the minimum temperature
and moderate concentration values of the PAA solution is crucial for obtaining a higher
percentage of damaged cells. Based on the presented results, it can be concluded that the
application of the highest PAA solution concentration and temperature values during a
contact time of 3 min or more is necessary in order to justify the effectiveness of antimi-
crobial treatment for all serotypes.

The additional consideration of the influence of tested parameters on the response of
the system was carried out via the ANOVA statistical processing of the obtained values of
surviving cells in dirty conditions. The concentration of the PAA solution had the greatest
individual influence on all tested serotypes. In the case of S. Enteritidis (SSE), additional
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influences of temperature as an individual factor and contact time as a mutual influence
were observed. Individual influences of temperature, the mutual influence of PAA solu-
tion concentrations, and contact time, as well as PAA concentration and contact times,
were confirmed for S. Typhimurium (SST). Unlike S. Derby (SSD), for which its response
is additionally only influenced by the mutual influence of temperature, with respect to S.
Agona (SSA), a significant influence of almost all mutual interactions of antimicrobial
treatment parameters was recognized.

The same calculation was carried out for the damage cell rate, which indicates that
there is no uniformity in terms of which factor is the most significant on the effectiveness
of antimicrobial treatment. The damage rate in the case of S. Enteritidis (DSE) is mostly
affected by the individual and mutual influences of the concentration of the PAA solution
and temperature. Equally important is the mutual influence of the contact time on the
mentioned bacteria. The individual contribution of PAA solution concentrations and the
overall effect of contact time is noticeable for S. Typhimurium (DST). The damaged S.
Derby (DSD) is affected by mutual relations between the same individual parameters,
while the percentage of S. Agona cell damage (DSA) is most positively influenced by tem-
perature. In some antimicrobial treatment tests carried out in dirty conditions, cell flocs
were observed, in addition to testing the effect of the thermal inactivation of cells. There
is a possibility that the present organic load limited the antimicrobial effect, preventing
the full effect of the active component of the chemical agent. This may also have contrib-
uted to the difference in the percentage of damaged cells during the study. In the end, it
remains an open question whether cells trapped on the surface of the system are crucial
for predicting the effect of antimicrobial treatments, especially from the point of view of
the application of mild heat treatment.

5. Conclusions

This study proposes a comprehensive research concept in establishing an effective
combination of growth-suppressing agents for applications in real processing conditions
in the food industry. Since differences between clean and dirty conditions were evaluated
via the Box-Behnken experimental design, the obtained results are a good basis for defin-
ing the disinfection protocol of industrial surface treatments. As a summary response of
the tested synergistic strategies, the following varying factor values are recommended:
temperatures from 60 to 65 °C, 1.5% peroxyacetic acid concentration, and contact times
greater than 3 min. The data illustrate a complex relationship between peroxyacetic acid
concentrations, temperatures, contact times, and the effectiveness of Salmonella inactiva-
tion. Achieving a balance between reducing pathogen survival and minimizing cellular
damage is essential. In view of implementation in the industry, a procedure for maintain-
ing the hygiene of facilities, equipment, and workspace, as well as accompanying docu-
mentation, can be formed, which will contribute to the implementation of disinfection
procedures in industrial conditions. Additionally, further research could explore varia-
tions in disinfection protocols tailored to specific food industry sectors, offering a more
targeted approach to enhancing microbial safety. On the other hand, enhancing the scien-
tific understanding of microbial physiological factors associated with heat and chemical
agent influences is imperative in order to prevent resistance and conditions that promote
cell survival and recovery. The exact mechanisms of this synergistic effect are still under
investigation, but they likely involve a combination of peroxyacetic acid, which breaks
down the protective barriers of the bacteria, and heat, accelerating these processes. Un-
derstanding the physiological and biochemical aspects of this synergy will be important
for optimizing disinfection procedures. In future studies, understanding complex micro-
bial responses to heat and peroxyacetic acid exposure is fundamental to optimizing syn-
ergistic strategies in disinfection procedures.
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