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Abstract
This study investigated the nonthermal effects of electricity on microbial inactivation kinetics of

Staphylococcus aureus and Escherichia coli during ohmic heating (OH) of infant formula. For this,

temperature profiles during OH and conventional heating (CV) processes were matched, and the

kinetic parameters were compared at temperatures ranging from 57.5 to 65.0 8C. The inactivation

kinetics were analyzed using an inactivation model, which allowed the definition of the thermal

tolerance from kmax and D values. For S. aureus, significant differences (p< .05) between D and

kmax values were observed when OH and CV treatment were compared in all temperatures. The

results demonstrated a higher efficiency of OH over CV, indicating that microbial inactivation may

have been caused by electroporation in addition to thermal effects. For E. coli, a significant differ-

ence (p< .05) between D values was observed only at 57.5 8C. Moreover, D values for both

heating technologies were lower at 65 8C, which suggests a faster inactivation and, therefore, a

lower degradation of nutritional compounds. Taking into consideration both microbial species, the

best treatment for human milk pasteurization is OH at 65 8C.

Practical applications
The low-temperature long-time pasteurization (62.5 8C for 30 min) is the currently recommended

method for heat treatment of human milk in human milk banks (HMB) because it is simple to be

applied and guarantees microbiological safety. However, it can promote significant losses of nutri-

tional and organoleptic quality due to the slow conduction of heat transfer. Therefore, alternative

technologies for human milk pasteurization need to be explored. OH is a faster heating technol-

ogy, appropriate for heat-sensitive products. Although already established in the food industry, the

OH advantages have not been considered for human milk pasteurization. The objective is to pro-

vide an alternative technology to the HMB that ensure safety and lower-impact on nutritional

compounds. This study contributes for the correct understanding of the nonthermal effects associ-

ated with passage of electricity through foodstuff on microorganism’s inactivation. Moreover,

it has significant economic consequences to industry, supporting modeling and optimization to

produce safe products with higher nutritional and sensory characteristics.

1 | INTRODUCTION

Microbiological quality of human milk distributed in human milk banks

(HMB) is a matter of interest to public health, especially because new-

borns have low resistance to neonatal infections (Hakansson, 2015;

Serafini et al., 2003). The donated milk is often contaminated with

pathogenic microorganisms, such as Escherichia coli and Staphylococcus

aureus, which are related to neonatal sepsis, meningitis, necrotizing

enterocolitis, and diarrheal diseases (Charlier, Cretenet, Even, & Le Loir,

2009; Zaidi, Thaver, Ali, & Khan, 2009); wherefore, studies about
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microbiological contamination of human milk are increasing (Civardi

et al., 2013; Fern�andez et al., 2013; Ikonen, Miettinen, & Gr€onroos,

1982; Keim et al., 2013; Perrin, Fogleman, Newburg, & Allen, 2017).

Nakamura et al. (2016) investigated an outbreak caused by contamina-

tion of human milk in a neonatal intensive care unit and identified that

the causative agent was an E. coli resistant to several antibiotics. This

outbreak had a serious impact because many newborns were infected

and one death occurred. The researchers reported that this pathogen

was identified in the unpasteurized donated milk, reinforcing that pas-

teurization is a necessary process in the neonatal intensive care units

(Menon & Williams, 2013; Nakamura et al., 2016; O’Connor, Ewaschuk,

& Unger, 2015).

The development of effective treatments and procedures to guar-

antee microbiological safety of the human milk, maintaining nutritional

and organoleptic quality, is indispensable. Pasteurization using thermal

treatments has been traditionally considered the gold-standard-method

used in HMB to inactivate pathogenic microorganisms (Christen, Lai,

Hartmann, Hartmann, & Geddes, 2013; Keim et al., 2013; Nakamura

et al., 2016; Windyga et al., 2015). However, this thermal treatment

can negatively affect milk nutritional quality. Due to this adverse effect,

emerging technologies have been researched to replace the traditional

thermal processing (Christen et al., 2013; Mesías, Wagner, George, &

Morales, 2016; Vieira, Soares, Pimenta, Abranches, & Moreira, 2011).

Among alternative methods of pasteurization, ohmic heating (OH)

stands out because it promotes rapid and uniform heating, resulting in

less thermal damage to heat-sensitive compounds (Kim & Kang, 2015b;

Lee, Sagong, Ryu, & Kang, 2012; Mesías et al., 2016; Moro & Arslano-

glu, 2012). This technology consists of passing an alternating electric

current (a moderate electric field, MEF) through a food with the main

purpose of warming it by internal power generation. The temperature

rise inside the food promotes inactivation of microorganisms and

enzymes in short periods, similar to high-temperature short-time

(HTST) treatments (Lee et al., 2012; Mesías et al., 2016).

In the past, it was presumed that the effects of OH were purely

thermal and electric field application had no influence on microorgan-

isms. Nevertheless, recent studies have shown that the nonthermal

effects are important within the range of OH electric field strength

(Loghavi, Sastry, & Yousef, 2008; Loghavi, Sastry, & Yousef, 2009).

They suggest that mild electroporation, for example, can contribute to

cellular inactivation (Sastry & Barach, 2000; Imai, Uemura, Ishida, Yosh-

izaki, & Noguchi, 1995; Knirsch, Alves Dos Santos, Martins de Oliveira

Soares Vicente, & Vessoni Penna, 2010; Sun et al., 2008). The use of

low frequencies (50–60 Hz) is reported to contribute for the additional

effect of OH treatment, allowing cell walls to build up charges and

form pores (Sastry & Barach, 2000; Knirsch et al., 2010). Although OH

is a promising technology, there is little information about its effects on

microbial inactivation in human milk. This may be, in part, because

human milk is a very scarce resource, being highly demanded in the

HMB. Due to the lack of supply in HMB, the present study was con-

ducted using an infant formula, which is the food most similar to

maternal milk administered to babies in absence of human milk.

Thereby, the present study aimed to evaluate the nonthermal effects

of electricity on microbial inactivation kinetics of S. aureus and E. coli

during OH of infant formula. The kinetics of microbial inactivation was

compared with the conventional pasteurization (CV), low-temperature

long-time (LTLT) process, normally used in the HMB.

2 | MATERIALS AND METHODS

2.1 | Sample

An industrialized infant formula was chosen to run the experiments

due to high amount of milk necessary for the study and lack of human

milk in HMB. The infant formula was prepared according to instruc-

tions on nutritional labeling: 90 ml of autoclaved distilled water mixed

with 38 g of powder.

2.1.1 | Bacterial species

The infant formula was artificially contaminated with bacterial pools of

S. aureus or E. coli, separately. The first pool was composed by the fol-

lowing strains: S. aureus 4668/03, S. aureus S6, S. aureus S8, S. aureus

ATCC 2998, and S. aureus ATCC 25923. The second bacterial pool was

composed by E. coli CQ, E. coli ECHC, E. coli DH5-a, E. coli ATCC 8739,

and E. coli ATCC 25972. All strains mentioned came from the Culture

Collection of the Microbiological and Food Safety Laboratory of the

Institute of Food Science and Technology (ICTA), located in Federal

University of Rio Grande do Sul (UFRGS).

2.1.2 | Microbial inoculation

Bacterial pools of S. aureus and E. coli, were cultivated separately in

brain heart infusion (BHI) broth at 37 8C, for approximately 18 hr. Then,

10 ml of each culture were centrifuged for 10 min at 5,000 g; the pellet

was washed twice with 10 ml of sterile salt solution (0.85%). Final cell

concentration was of, approximately, 108 UFC/ml of E. coli or S. aureus.

After this procedure, 10 ml of the pool were added to 90 ml of infant

formula, obtaining 100 ml of artificially contaminated infant formula.

The experiments were conducted separately for each researched type

of bacteria (E. coli and S. aureus).

2.2 | Ohmic and conventional treatments

Thermal treatments were carried out using OH and CV heating at four

temperatures: 57.5, 60.0, 62.5, and 65.0 8C. During isothermal phase,

10 samples were collected at time intervals predetermined by the

ComBase Software. Table 1 shows all conditions evaluated during the

kinetic experiments.

OH processing was conducted using the experimental setup

described by Mercali, Jaeschke, Tessaro, and Marczak (2012), which is

composed by a variable transformer (Sociedade T�ecnica Paulista LTDA,

modelo Varivolt, S~ao Paulo, SP, Brasil), a stabilizer (Forceline, modelo

EV 1000 T/2–2, S~ao Paulo, SP, Brasil), a data acquisition system, a

computer, a magnetic stirrer plate (IKA C-MAG, Model HS 10, Brazil),

an ohmic cell and titanium electrodes. The ohmic cell consists of a

glass-jacketed recipient with 300 ml of capacity.

When an electric field is applied to a conductive medium, OH

inherently happens and rises the temperature of the medium. To
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maintain the temperature constant, it is necessary either to simultane-

ously cool the sample or to regulate the electric field at low (but vari-

able) levels. The first option was chosen by using two thermostatic

baths and hose and bypass system connected to the jacket of the

ohmic cell. This system was used to match the temperature profiles of

both heating technologies (OH and CV). Similar temperature-time his-

tories allowed the evaluation of the nonthermal effects associated with

the electric current passage through the sample. For all treatments, the

temperature during come-up period increased by passing hot water

(98 8C) through the jacket. For OH experiments, the electric field was

turned on at time zero, the time at which the sample reached the work-

ing temperature. The temperature of the isothermal phase was kept

constant by applying 30 V (60 Hz of frequency) through the electrodes

and by passing water through the jacket, simultaneously. Other fre-

quencies were not evaluated due to equipment limitations. The CV

experiments were conducted with the same equipment without the

application of electric field. The temperature was maintained constant

during the isothermal phase by passing water through the jacket.

During heating, samples were agitated with a magnetic stirring

plate. Samples were withdrawn at various heating times (described in

Table 1), immediately refrigerated in ice bath and subsequently ana-

lyzed (the microbiological analyses were performed immediately after

the thermal experiments).

2.3 | Microbiological analyses

Aliquots of 1 ml were taken from the thermal treated milk, and then

serial decimal dilutions were carried out in 0.1% peptone water. For S.

aureus, 0.1 ml of the sample or dilutions were seeked using spread plate

technique on Baird-Parker Agar (Merck) selective medium and on Plate

Count Agar (PCA; Merck) nonselective medium. For E. coli, 0.1 ml of the

sample or dilution was seeked on VRBA (Oxoid) and PCA (PCA; Merck)

medium. Plates were incubated at 37 8C for 18–24 hr, and the colony

number was counted. All bacterial counts were repeated for at least two

times, and results were expressed as colony-forming units/ml (CFU/ml).

2.4 | Data analyses

The kinetic experiments were performed in duplicate, and the analyses

were carried out in triplicate. The inactivation kinetics were analyzed

using GinaFiT software (Geeraerd, Herremans, & Van Impe, 2000),

which is a freeware add-in for Microsoft Excel freeware that allows the

assessment of non-log-linear microbial survivor curves. The Geeraerd

et al. (2000) model, which is based on a nonlinear inactivation model

with tail, was used to fit experimental data. In this model, represented

by Equation (1), data of cell density were plotted as a function of time:

Nt5 N02Nresð Þexp 2kmax � tð Þ1Nres (1)

where, Nt and N0 [cfu/ml] are the cell population at time t and zero,

respectively; Nres [cfu/ml] is the stress resistant subpopulation; and

kmax [per minute] is the maximum specific inactivation rate.

The quality of the model adjustment was evaluated using the

determination coefficient (R2) and the root mean squared error (RMSE).

The kmax value was obtained from the first phase of the non-linear

inactivation model and was, then, used to calculate D value, according

to Equation (2):

D52:303=Kmax (2)

where, D [min] is the time for decimal reduction. This parameter repre-

sents the first log reduction, that is, the time necessary to inactivate

90% of viable cells.

The z value (thermal resistance coefficient) is defined as the tem-

perature change required to change the D value by a factor of 10; it

was obtained by plotting the D values on a log scale versus the corre-

sponding temperatures. The thermal death time (TDT), or F value, is

the time required to obtain a certain reduction of the microbial popula-

tion at a given constant temperature T, thus representing the total

time–temperature combination received by the food. At a constant

temperature, it can be defined as:

Fu52
ln Nt2Nres

N02Nres

� �

kmax
(3)

the kmax and Nres values, obtained from Equation (1), were used to esti-

mate the time–temperature combination necessary to achieve a 12

logarithmic cycle reduction of each microorganism evaluated.

Statistical interpretations of kmax and D values and comparison

between different treatments were performed using Microsoft Excel

software. Statistical significance was determined by Student’s t-test

(95% of confidence level).

3 | RESULTS AND DISCUSSION

3.1 | Survival curves during OH and conventional

heating

Thermal histories of OH and CV technologies, for experiments con-

ducted at 57.5 and 65.0 8C, are shown in Figure 1. The time–tempera-

ture histories at 60 and 62.5 8C showed a similar plot behavior. Data

from Figure 1 show that sample temperatures were properly controlled

at each set temperature. It is important to have a coincidence of the

heating phases of both processes because the objective is to evaluate

the nonthermal effects of OH. Therefore, eliminating thermal

TABLE 1 Temperature and time of the ohmic and conventional
kinetic experiments

Temperature ( 8C)

57.5 60.0 62.5 65.0

Time (min) 0 0 0 0

5 1 0.5 0.5
7 2 1 1
10 3 1.5 1.5
15 4 2 2
20 5.5 2.5 2.5
25 7 3 3
30 8.5 3.5 3.5
34 10 4 4
38 11 4.5 4.5
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differences between both heating technologies, any difference in the

results can be associated with the electrical effects.

The initial counting of E. coli and S. aureus on samples before heat-

ing treatments were, approximately, 108 UFC/ml. The microbiological

counts in both culture medias (selective and nonselective) were similar;

for this reason, only the results found in with selective medium will be

presented for both microorganisms.

Figure 2 shows survival curves over time for both microrganims at

62.5 8C. The other temperatures showed a similar plot behavior. In this

figure, points are joined by lines simply for better visualization; in the

horizontal axis, “Initial” indicates the beginning of heating (time neces-

sary to achieve the holding temperature) and “0” is the time point

when the temperature reached the target temperature of the study

(isothermal phase). Two thermostatic baths connected to the jacket of

the ohmic cell by hoses with a bypass system were used to rapidly

increase the temperature up to the target value (to decrease the come-

up phase). Beside this approach, as can be seen in Figure 2, it was not

possible to avoid a partial inactivation during the come-up period. This

is one of the fundamental difficulties in determining the electric fields

nonthermal effects on microorganism and enzymes.

For E. coli, this partial reduction reached average values of 1.77,

4.03, 4.27, and 3.4 log UFC/ml for temperatures of 57.5, 60, 62.5, and

65 8C, respectively. For S. aureus, this partial inactivation reached values

of 1.28, 3.85, 3.38, and 2.08 log UFC/ml for temperatures of 57.5, 60,

62.5, and 65 8C, respectively. This indicates that the less heat-resistant

fraction of the bacteria was termically inactivated before reaching the

isothermal phase of the experiment. Therefore, the kinetic modeling

was performed with the most heat-resistant fraction of the microor-

ganism. Sun et al. (2008) also showed the same difficulty when con-

ducting microbiology experiments with OH, observing a microbial

reduction of viable aerobes in milk of aproximately 1.7 and 3 log UFC/

ml in the first minutes of heating at 57 and 60 8C, respectively (when

the temperature was increasing up to the experiment target

temperature).

In the end of the experiments, it was observed a resistance thermal

behavior: some bacterial strains remained viable, suggesting a resistant

population to thermal stress. This was observed for both bacterial spe-

cies and for all temperatures, except for the experiment conducted

with S. aureus, using OH at 57.5 8C. Figure 2 shows the inactivating

curve with a sigmoidal pattern, hihglighting the presence of tail

(Geeraerd et al., 2000). Velliou et al. (2011), evaluating the inactivation

kinetics of E. coli in BHI broth, also reported an inactivation curve with

the presence of tail, suggesting the presence of a resistant population

to thermal stress. Moreover, Smelt and Brul (2014) observed that the

heating rate has an effect on microbial survival. They reported that in

slow heating vegetative cells can adapt to stress conditions, resulting in

a lower inactivation rate. According to these authors, changes in food

composition due to heating can also cause changes in the microorgan-

ism thermal resistance.

Comparing both microorganisms, E. coli specie had lower number

of viable cells in the end of the experiment than S. aureus. The latter is

a gram-positive organism type, which is more resistant to inactivation

by physical agents, such as heat and electricity. Gram-negative bacteria,

such as E. coli, have their peptidoglycan layer much thinner and sand-

wiched between an inner cell membrane and a bacterial outer mem-

brane. These characteristics make them more sensitive to thermal

treatment (Forsythe, 2007). This behavior was observed for E. coli cells

in both, OH and CV, treatments.

For a proper comparison between the two heating technologies,

results of inactivation were fitted to kinetic equations, and the kinetic

parameters were compared. The next section approaches this

assessment.

3.2 | Kinetic parameters of microbial inactivation

Among the linear and nonlinear inactivation models included in the

GInaFiT software, the Geeraerd et al. (2000) nonlinear inactivation

model with tail provided the best fit to data, showing high determina-

tion coefficient values and relatively low RMSE values for both bacterial

species investigated. Table 2 shows the statistical parameters used to

evaluate the quality of the adjustment. kmax values of each thermal

treatment were obtained from the first linear phase of the survival

curve, using the GinaFiT software. D values were obtained from kmax

values. All these parameters are listed in Table 2.

FIGURE 1 Temperature profiles (the first 6 min of heating) for
ohmic (OH) and conventional (CV) heating experiments conducted
at 57.5 at 65.0 8C

FIGURE 2 Inactivation of S. aureus and E. coli under ohmic (OH)
and conventional (CV) heating treatments at 62.5 8C
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3.2.1 | Staphylococcus aureus

The kinetic study conducted with S. aureus provided kmax values rang-

ing from 0.68 to 4.74 per minute for OH, and from 0.15 to 1.62 per

minute for CV. When compared at the same temperature, kmax values

for OH were significant different (p< .05) from those of CV treatment.

As can be seen in Table 2, OH treatment was more efficient than CV

since kmax values of OH were higher than those of CV (compared at

the same temperature). Thereby, microbial death may have been suf-

fered action from MEF beyond thermal effects. Park and Kang (2013)

found a similar effect of MEF on microbial inactivation of E. coli O157:

H7, Salmonella typhimurium and Listeria monocytogenes in buffered pep-

tone water and apple juice. The authors reported that electric field-

induced OH led to additional bacterial inactivation at temperatures of

55, 58, and 60 8C.

The principal mechanism of microbial inactivation during OH is

thermal by nature; however, there is evidence of nonthermal effects of

the OH technology on inactivation of various microorganisms. This

nonthermal mechanism is called electroporation, which is associated

with pore formation in cell membranes due to the presence of an elec-

tric field. The electroporation can be reversible or irreversible, the latter

leading to bacterial cell death (An & King, 2007; Knirsch et al., 2010).

Several studies have shown that OH treatments are more effective

than the CV in microbial inactivation due to the nonthermal effects of

the electricity (Knirsch et al., 2010; Lee et al., 2012; Park & Kang,

2013; Pereira, Martins, Mateus, Teixeira, & Vicente, 2007; Sun et al.,

2008; Velliou et al., 2011). Sun et al. (2011) reported that larger

amounts of adenosine triphosphate and lactate dehydrogenase were

exuded when cells of Streptococcus thermophilus were subjected to

sublethal-OH, comparing to sublethal-hot-water heating treatment.

They concluded that the electric current of sublethal-OH treatment

increased the permeability of the cell membrane, resulting in nonther-

mal injury to S. thermophilus cell membrane.

D values for S. aureus decreased with increasing temperature, with

values ranging from 0.5 to 3.4 min for OH, and from 1.4 to 15 min for

CV. As shown in Table 2, there were significant differences between D

values of the OH and CV experiments (compared at the same tempera-

ture). D values of OH treatment were relatively lower than those of CV

treatment, suggesting that, in addition to heat, electric field may also

have influenced S. aureus inactivation. This result corroborates other

observations in the literature that suggest that electroporation may be

associated with microbial inactivation during electrical treatments

(Sastry & Barach, 2000; Imai et al., 1995; Sun et al., 2008). Sun et al.

(2008) compared the inactivation effects of OH and CV on viable aero-

bes and S. thermophilus 2646 in milk under identical temperature his-

tory conditions and found that D values resulting from OH were

significantly lower than those resulting from CV.

The value of D using OH was 4.4 times higher than that of the CV

treatment at 57.5 8C. This difference was lower for higher temperatures:

2.7 times higher for OH treatment at 65 8C. This may indicate that at

lower temperatures the nonthermal effects are better observed. As tem-

perature increases, the greater is the effect of heat on the inactivation,

and it is more difficult to observe the nonthermal effects. At high tem-

peratures, the nonthermal effects may be masked by the effect of heat.

Another factor that may influence the inactivation of microorgan-

isms is the fat content of the milk. Kim and Kang (2015b) observed

that the milk fat content influences the electric conductivity of the

product and, as consequence, affects microbial inactivation when OH

is applied. Lee et al. (2012) also highlighted that the successful applica-

tion of OH for microorganism inactivation depends on the electric field

applied and electrical conductivity of the sample. As fat content of the

human milk can vary depending on the period that it is milked, this vari-

able is difficult to be controlled in HMB.

Table 2 shows z values for both heating technologies. This parame-

ter is a measure of the change in death rate with a change in

TABLE 2 Kinetic parameters of the Geeraerd et al. (2000) model with tail (Geeraerd et al., 2000) for S. aureus and E. coli inactivation during
ohmic and conventional heating

Bacterial specie Treatment T ( 8C) R2 RMSE kmax (min21)de Nres (LOG10) D (min)de z ( 8C)

S. aureus OH 57.5 0.93 0.7560.09 0.686 0.09a 1.326 0,41 3.416 0.44a 9.49

OH 60.0 0.97 0.2160.01 1.586 0.09A 4.426 0.03 1.466 0.08A

OH 62.5 0.90 0.2960.06 2.416 0.22a 2.146 0.17 0.966 0.09a

OH 65.0 0.92 0.2460.09 4.746 0.92�a 1.256 0.06 0.536 0.21�a

CV 57.5 0.95 0.2460.14 0.156 0.01b 3.306 0.01 15.066 1.02b 7.91
CV 60.0 0.88 0.0360.04 1.156 0.08B 3.52 60.01 2.016 0.14B

CV 62.5 0.88 0.3760.11 1.406 0.11b 3.80 61.00 1.656 0.13b

CV 65.0 0.97 0.2060.00 1.626 0.03ḇ 4.476 0.11 1.426 0.02ḇ

E. coli OH 57.5 0.97 0.3360.04 1.236 0.12a 1.466 0.39 1.886 0.18a

OH 60.0 0.96 0.2460.04 3.326 0.26A 1.096 0.15 0.706 0.05A 10.13
OH 62.5 0.95 0.3060.12 5.576 0.22a 2.136 0.00 0.416 0.02a

OH 65.0 0.95 0.2160.05 6.886 0.15�a 2.206 0.10 0.336 0.01�a

CV 57.5 0.95 0.3560.01 0.166 0.01b 1.786 0.42 14.466 0.50b 4.88
CV 60.0 0.90 0.616 0.04 3.196 0.10A 2.156 0.01 0.726 0.02A

CV 62.5 0.99 0.0760.01 5.146 0.72a 1.036 0.01 0.456 0.06a

CV 65.0 0.93 0.2060.02 7.046 0.21�a 2.236 0.10 0.336 0.01�a

dResults are average values of two independent experiments (mean of two replications6 standard error).
eOH and CV treatments were compare at the same temperature by Student’s t-test; means with equals letters are significantly similar (p> .05).
CV5 conventional heating; OH5ohmic heating.
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temperature. As can be seen, the z value of the OH (9.49 8C) was

higher than the one of the CV (7.91 8C). This result shows that the CV

process is more temperature dependent because smaller z values indi-

cate highly temperature dependence. The higher z value of OH tech-

nology indicates that this process requires larger changes in

temperature to reduce the time.

3.2.2 | Escherichia coli

The kinetic study conducted with E. coli specie provided kmax values

ranging from 1.23 to 6.88 per minute for OH, and from 0.16 to 7.04

per minute for CV. Only at 57.5 8C significant differences (p< .05)

were observed between treatments. Moreover, OH showed a D value

7.7 times smaller than that of the CV at 57.5 8C, which highlights the

difference between treatments. Conversely, this difference was not

observed for the other temperatures evaluated. At lower temperatures,

when the heat effect is not so pronounced, it is possible to observe

and estimate the nonthermal effects of the electricity. However, at

higher temperatures the nonthermal effects are hidden by the intense

thermal effect on inactivation kinetics. This behavior is more evident

for E. coli because this bacterium is more sensitive to heat treatment

(Forsythe, 2007); however, this line of reasoning can also be applied to

S. aureus (the lower the temperature, the higher the difference

between D values of OH and CV).

As observed in Table 2, D values decreased as temperature

increases for both heating technologies. This means that at higher tem-

peratures, faster is the inactivation and, as consequence, lower is the

degradation of nutritional compounds. Several studies have reported

similar results when comparing the effects of heating on microbial inac-

tivation, with D values decreasing as temperature increases (Lahou

et al., 2015; Palaniappan, Sastry, & Richter, 1992). Pereira et al. (2007)

found lower D values for E. coli inactivation by OH compared to CV

and concluded that the kinetic of microbial death was faster in OH

treatment, which results in a less aggressive treatment when compared

to CV. Conversely, Palaniappan et al. (1992) reported slightly lower D

values for E. coli inactivation when OH was applied at temperatures

lower than 56 8C but, when statistical analysis were conducted, no sig-

nificant differences between treatments were observed. Kim and Kang

(2015a) also did not observed additional effects of OH on E. coli O157:

H7, Salmonella enterica Serovar Typhimurium and L. monocytogenes in

orange juice. Table 2 also shows z values for E. coli obtained for OH

and CV. OH showed a higher z value (10.13 8C) compared to CV

(4.88 8C), indicating that the OH technology exhibited a smaller sensi-

tivity to increasing heat. Pereira et al. (2007) found a z value of 8.4 8C

when evaluating the influence of OH on the death kinetic parameters

of E. coli in goat milk.

Comparing the results of both bacterial species, S. aureus showed

greater D values than those found for E.coli, which is consistent with

previous studies that show that gram-positive bacteria are more heat

resistance than most of the non-spore forming gram-negative patho-

gens (Lahou et al., 2015). Regarding the nonthermal effects, they were

better perceived at the lower temperature for both species of bacteria

because the thermal effect happened to a lesser extend, not hiding the

effect of the MEF. Comparing both bacterial species at 57.5 8C, it is

possible to observe that the nonthermal effects were more effective

against E. coli, (D value for OH 7.7 times higher than for CV, while for

S. aureus this difference was 4.4), which is a gram-negative organism

type.

3.3 | The TDT or F value

The TDT, or F value, is used as a basis for comparing heat treatments.

It is the time required to achieve a specified reduction in microbial

numbers at a given temperature and it thus represents the total time–

temperature combination received by a food (Fellows, 2009). The

models obtained in the present study were used to calculate the time–

temperature combination necessary to achieve a 12 logarithmic cycle

reduction in numbers of E. coli and S. aureus. Table 3 shows the F val-

ues (Fh) for all temperatures evaluated. In all cases, F value was lower

for the OH treatment (except for E. coli 65 8C). For milk pasteurization,

the process conditions are based on 12 logarithmic cycle reduction in

numbers of Coxiela burntii, which is the most heat-resistant pathogen

in milk. Considering the D65 and z values of C. burnetii (0.6 min and

4.34 8C, respectively), the F values at 62.5 and 65 8C are 27.1 and 7.2

min, respectively. This comparison is important because the extent of

the heat treatment required to stabilize a food is determined by the D

value of the most heat-resistant microorganism. As can be seen in

Table 3, the F values of C. burnetii are higher than those of E. coli and S.

aureus (at 62.5 and 65 8C), highlighting its high thermal resistance.

When possible the process conditions should be optimized for

retention of nutritional and sensory quality by the use of HTST condi-

tions. For milk processing, the LTLT process operating at 63 8C for 30

min causes greater changes to flavor and a slightly greater loss of vita-

mins than HTST processing at 71.8 8C for 15 s (Fellows, 2009). Taking

into consideration the experimental conditions and both microbial spe-

cies evaluated in the present work and thinking about the nutritional

and sensory quality of the product, the best treatment for human milk

pasteurization is OH at 65 8C.

4 | CONCLUSION

This study evaluated the nonthermal effects of OH on E. coli and S. aur-

eus inactivation. For S. aureus, the nonthermal effects of electricity

were observed in all temperatures evaluated, indicating that

TABLE 3 Time–temperature combination necessary for a 12
logarithmic cycle reduction in numbers of E. coli and S. aureus

Treatment T ( 8C)

Fh (min)

E. coli

Fh (min)

S. aureus

OH 57.5 22.49 40.63

60.0 8.33 17.68
62.5 4.99 11.47
65.0 4.04 5.83

CV 57.5 173.08 184.34

60.0 8.71 24.06
62.5 5.38 19.78
65.0 3.95 17.27
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electroporation may have occurred. For E. coli, only at 57.5 8C was pos-

sible to notice the nonthermal effects of the electrical technology; at

higher temperatures, the nonthermal effects may be hidden by the

intense thermal effect on inactivation kinetics. Moreover, the parame-

ter D for both heating technologies showed lower values at 65 8C,

which suggests a faster inactivation and, therefore, a lower degradation

of nutritional compounds. Taking into consideration both microbial spe-

cies, the best treatment for pasteurization of human milk is OH at

65 8C. However, it is important to point out that studies with human

milk are necessary to evaluate the results obtained in the present study

and to better understand the influence of this technology on microbial

inactivation and on degradation of nutritional compounds.
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