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Microbial inactivation by pulsed electric field (PEF) has been studied widely although with high operational risk,
while few studies on the potential of low intensity electric fields for microbial inactivation have been reported. In
this study, the feasibility of inactivating microorganisms in milk by low intensity direct current (DC) electric field
was investigated. Then a kinetics model was proposed based on the inactivation curves. Finally, the effect of
electric field on the microflora and physicochemical properties of milk was analyzed. Results showed that the
bacterial reduction >5 log CFU/mL could be achieved at 50-55°C, 0.3 A-0.6 A, and with 5 min starting intensity
of 5 V/cm-9 V/cm. The inactivation kinetics consisted of three stages, therein, the middle stage, main part of the
inactivation curve, followed 1st-order reaction kinetics, and the effect of temperature on it was consistent with
the Arrhenius Law, which implied that the electric field itself can inactivate bacteria without thermal inacti-
vating effect. The microflora analysis showed that naturally occurring bacteria in the milk contained typical
potential pathogenic bacteria (e.g., 56.9% of Acinetobacter spp.) and spoilage bacteria (e.g., 27.5% of Pseudo-
monas spp.), and the electric field can inactivate them. Moreover, the inactivation chemically preserved the
milk’s fresh-like characteristics (according to indexes of whey protein denaturation rate, furosine content), and
physical stability (turbidity, zeta potential, particle size, color and so on). Therefore, a promising approach is

provided for microbial inactivation in dairy industry.

1. Introduction

Milk is a type of food that provides balanced nutrition for human
beings. As is rich in protein, carbohydrate, fats, vitamins and minerals, it
is very beneficial to human health (Chen et al., 2014). Thus, there are
many dairy products, such as yoghurt (Lang et al., 2022) and, cheese
(Arias-Roth et al., 2022) that are favored by consumers. However, the
abundant nutrients and high-water activity of milk make it easy to be
contaminated by microorganisms during collection, transportation,
processing and storage (Tian and Li, 2019; Stratakos et al., 2019).

Safety incidents arising from raw milk consumption occur frequently
in Europe and the United States (US). Most of them were caused by
harmful microorganisms that contaminated milk (EFSA report, 2015;
CDC food safety raw milk outbreak studies, 2017). Consequently, many
countries had introduced legislations that do not recommend consumers
to drink raw milk directly (Linn, 2019; , 2022Clark and Harte). Never-
theless, because fresh-like milk, many consumers still risk drinking raw

milk. So, how to eliminate harmful microorganisms without changing
the biological activity and taste of milk has always been the ultimate
pursuit of milk sterilization (Liao et al., 2019).

In traditional thermal sterilizations, some techniques try to balance
preserved taste and extended shelf life, for instance pasteurization.
Others achieve sterilization at the expense of taste and bioactive sub-
stances, for instance ultra-high temperature sterilization. Some potential
innovative thermal inactivation methods, such as radio frequency (RF)
heating (Zhao et al., 2022), may give better results. With strong demand
for fresh-like milk, the non-thermal methods, such as high-pressure
(Stratakos et al., 2019), plasma (Gurol et al., 2012), ultrasonic (Li
et al., 2018) and electric field (Machado et al., 2010; Walter et al., 2016;
Boudjema et al., 2019; Al-Hilphy et al., 2020) are increasingly explored.

By now, the most commonly used electric field in microbial inacti-
vation is high-voltage pulse electric field (PEF), which has been proven
to have slight impact on physicochemical and nutritional properties (Niu
et al., 2020). However, it is difficult to industrialize and risky to operate
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since the electric field voltage is up to several kV (Machado et al., 2010).
RF heating, as mentioned, has rapid microbial inactivation effect, but it
mainly uses electric field to obtain thermal inactivating effect. Ren-
cently, electric field at lower currents or field intensities has attracted
more interest in microbial inactivation (Machado et al., 2010; Boudjema
et al., 2019; Al-Hilphy et al., 2020). In these studies, the electric field
intensity has been gradually reduced from 50 to 280 V/cm (Machado
et al., 2010) to 8.33-20.8 V/cm (Al-Hilphy et al., 2020), and the tech-
nique has lately been used for milk’s microbial inactivation (Al-Hilphy
et al., 2020). Here, lower energy consumption and ease of operation
were the common attempts.

However, in almost all researches, the temperature has not been
monitored or controlled. Whether the inactivation should be attributed
partially or completely to thermal effect, in other word, whether the
electric field alone inactivates microorganisms, remains unclear.
Meanwhile, most of the studies were conducted with broths of specific
bacteria (Machado et al., 2010) or simulated food systems inoculated
with specific bacteria (Alkhafaji and Farid, 2008), which ignores the
complexities of real food systems and naturally occurring bacteria. In
addition, the electric field intensity or current intensity of the above
studies were still high. It is also worth to explore to what extent the
microbial inactivation by this electric field remains at lower field
intensity.

So, this work firstly aims to verify the feasibility of inactivating
naturally occurring microorganisms in incubated raw milk at low-
intensity (less than 9 V/cm) DC electric field. Then, the inactivation
kinetics under different conditions were investigated, and to what extent
the inactivation was attributed to thermal effect was determined.
Meantime, the microflora change of incubated milk was analyzed using
high-throughput sequencing technology, so as to detect whether the
inactivation was applicable to various naturally occurring bacteria.
Finally, in order to figure out if the inactivation can meet the fresh-like
milk demand, the physicochemical properties of raw milk were
characterized.

2. Materials and methods
2.1. Materials and experimental equipment

2.1.1. Materials

The raw milk used in the experiments was obtained from a local
dairy farm in Qingdao (Shandong, China) and stored temporarily
(within 12 h) in a refrigerator at 4 °C before use. The total bacterial
count of raw milk was tested to be 2-5 log CFU/mL, depending on the
seasons. All chemicals used were of analytical grade and obtained from
Sigma-Aldrich (St. Louis, MO), unless otherwise specified.

In order to increase natural bacterial counts of the milk samples to
7-8.5 log CFU/mL (be greater than 5 log CFU/mL), the raw milk was
placed in an oscillating incubator at 30 °C for 10-12 h after collection.
This incubated milk was used as the control sample and experiment
material in the investigations of inactivation kinetics (Section 2.2.1) and
microflora analysis (Section 2.2.2). While, for physicochemical proper-
ties (Section 2.2.3), fresh raw milk was used as control and raw material
instead of the incubated milk.

2.1.2. Experimental equipment

An equipment was designed for the inactivation experiments, as
shown in Fig. 1. It mainly consists of a DC power supply (MN-1003 A,
ZHAOXIN Electronic Instrument Equipment Co., Ltd. Shenzhen, China),
a sample treatment chamber, and a magnetic stirring water bath.

The power supply provides 0-100 V in constant electric field in-
tensity mode or 0-3 A in constant current mode. A transparent plastic
sample treatment chamber of 10 cm in length, 6 cm in width and 10 cm
in height was customized according to the need of sample volume. For a
sterile experimental circumstance, the chamber was placed under UV
lamp for 30 min before use. A magnetic stirring water bath was applied
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Fig. 1. Experimental device diagram.

outside the treatment chamber to control temperature, as shown in
Fig. 1.

2.2. Experimental methods

2.2.1. Inactivation of microorganisms in milk by low intensity DC electric
field

A volume of 200 mL incubated milk was added to the sample
chamber. Effects of temperature, current and starting electric field in-
tensity on the microbial inactivation were investigated. The incubated
milk was taken as control sample, and then the first sample was taken
after the first 5 min treatment. In the following process, samples were
taken every 30 min and their bacterial counts were tested. Meanwhile,
the current, field intensity, and temperature were recorded every 5 min
during the inactivation, respectively.

The effect of temperature (35 °C, 40 °C, 45 °C, 50 °C, 55 °C) was
investigated with a constant current of 0.5 A and 5 min starting electric
field intensity of 9 V/cm. Compared to the inactivation in electric field, a
control experiment was executed in 50 °C water bath without electric
field. The effect of current intensity (0.2 A, 0.3 A, 0.4 A, 0.5 A, 0.6 A) was
investigated at 50 °C and with 5 min starting electric field intensity of 9
V/cm. The effect of starting electric field intensity (5 V/cm, 6 V/cm, 7 V/
cm, 8 V/cm, 9 V/cm) was investigated at 0.5 A and 50 °C, where the
starting electric field intensity acted in the first 5 min. The kinetics
analysis was conducted by the results of the above-mentioned
experiments.

2.2.2. Microflora change in milk after inactivation with electric field

The inactivation at 0.5 A and 50 °C with 5 min starting electric field
intensity of 7 V/cm for 270 min was taken for high throughput
sequencing analysis (marked as DC.0 d). The incubated milk (marked as
CON.O0 d) and heat-sterilized milk (heated at 72 °C for 15 min, marked as
HT.0 d) were investigated as well. In addition, the remaining samples
were stored at 4 °C for 7 days and labeled as CON.7 d, DC.7 d, HT.7 d.
Finally, DNA of the above 6 samples were extracted, amplified and
sequenced.

2.2.3. Evaluation of the physicochemical properties of milk after
inactivation

Here, the real raw milk was treated at 0.5 A and 50 °C with 5 min
starting electric field intensity of 7 V/cm. The samples were taken every
30 min. Their pH value, furosine content, whey protein denaturation
rate, turbidity, zeta potential, particle size, lipid droplet size, color and
viscosity were then measured.
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2.3. Testing methods

2.3.1. Microbial enumeration

The total bacterial count (TBC) was measured by the spread plate
method. 100 pL sample was taken and serially diluted 10 times with
0.85% sterile saline. Then the 100 pL dilutions were spread on Plate
Count Agar (PCA) and incubated at 37 °C for 48 h. After 48 h, the
number of colony-forming units (CFU) were counted and the results
were expressed as log CFU/mL.

For the microbial inactivation, the inactivation effect was expressed
by logio (g—(‘)), where N; and Ny represent the bacteria count at time t and

before the electric field treatment, respectively.

2.3.2. DNA extraction, amplification and sequencing

Genomic DNA of the 6 samples for microflora analysis (Section 2.2.2)
were extracted by cetyltrimethylammonium bromide (CTAB) method.
Briefly, 1000 pL of CTAB lysis solution and proper amount of lysozyme
and sample were mixed into a 2.0 mL EP tube, then incubated in a 65 °C
water bath to allow the sample to fully lysis. Then the mixture was
centrifuged (12,000 rpm, 10 min) to obtain the supernatant. Phenol (pH
= 8.0): chloroform: isoamyl alcohol (25:24:1) was added and mixed
well. The mixture was centrifuged again and chloroform: isoamyl
alcohol (24:1) was added to the centrifuged supernatant. After centri-
fugation again, the supernatant was sucked into a new EP tube, iso-
propanol was added and, mixed then placed at —20 °C for precipitation.
The samples were centrifuged again, and the precipitates were collected
and washed twice with 1 mL of 75% ethanol. The precipitates were
collected by centrifugation and dried naturally. Then, ddH,0 was added
to dissolve the DNA sample, and 1 pL of RNase A was added to digest the
RNA to obtain pure DNA. 16 S V3-V4 region of rRNA genes were
amplified using the specific primer 341 F (CCTAYGGGRBGCASCAG) and
806 R (GGACTACNNGGGTATCTAAT) with the barcodes. Polymerase
chain reaction (PCR) was carried out following the protocol described by
Caporaso et al. (2011). The tag-encoded high throughput sequencing
was carried out by Illumina HiSeq platform (Novogene Bio-information
Science and Technology Co., Ltd., Beijing, China).

2.3.3. Chemical stability characterization

Whey protein denaturation rate, pH value and furosine content of the
samples from Section 2.2.3 were characterized. The pH meter (PHS-3C,
INESA SCIENTIFIC INSTRUMENT Co., Ltd, Shanghai, China) was cali-
brated with pH standard buffers at 25 °C, and the pH values of samples
were measured using the calibrated pH meter.

Whey protein denaturation rate was measured according to the
methods described by Li et al. (2018) with some modifications. The
samples were centrifuged at 4000 rpm, 4 °C to remove fat. The pH was
then adjusted to 4.6 with 1 mol/L HCI solution and the samples were
centrifuged to remove the precipitate. Un-denatured whey protein
content in the supernatant was measured by Bradford protein assay kit
(Beyotime Biotechnology, Shanghai, China). Then the whey protein
(WP) denaturation rate was calculated by Eq. (1):

WPDR (%) =

electrically untreated protein content — electrically treated protein content

Current Research in Food Science 5 (2022) 1906-1915

2.3.4. Physical stability characterization

Turbidity, zeta potential, particle size, lipid droplet size, color and
viscosity of the samples from Section 2.2.3 were characterized. The
turbidity was measured using a UV-Vis spectrophotometer (UV-5200,
Metash Instruments Co., Ltd, Shanghai, China) (Shanmugam et al.,
2012). The zeta potential and average particle size were measured using
Malvern Zetasizer Nano ZS90 (Malvern Instruments, Ltd., Malvern, UK)
(Shanmugam et al., 2012).

The lipid droplet size was observed in optical microscope (using 100
x oil microscope and 10 x eyepiece) by taking 1 mL milk and 1% Sudan
Red III dye for mixing (Scudino et al., 2020). The results were listed in
Fig. S4.

The color parameters, L* (lightness), a* (redness) and b* (yellow-
ness), were detected using a Konica Minolta Spectrophotometer (CR
400, Konica Minolta Investment Ltd., Japan) based on the CIELAB color
space (Yang et al., 2020). The total color difference (AE) was calculated
by Eq. (2):

AE= /(L L) + (a— o)’ + (b — bo)’ @)
where Lo, ag, by represents the average color parameters of the milk
untreated, and L, a, b represents the average color parameters of the milk
electrically treated, respectively.

The viscosity of milk samples was measured by rheometer (MCR 301,
Anton Paar GmbH, Graz, Austria) at 25 °C. Viscosity data were obtained
by varying the stress at a shear rate range of 20-100 S~ _.

2.4. Analytical methods

2.4.1. Kinetics model fitting analysis

The inactivation mentioned in Section 2.2.1 can be divided into three
stages. Here the middle stage takes the majority of the process, so ki-
netics analysis mainly focused on this stage. From the experimental re-
sults, first-order reaction kinetics model (Eq. (3)) was the most suitable
for fitting the middle stage.
1

=—=t

D 3

10g10&
No
Where N; and Ny represent the bacteria count at time t and before
treatment, respectively, D is the time taken to kill 90% of bacteria in the
sample, and t is treatment time.
The goodness of the model fitting was tested by R-square (R?) and
root mean squared error (RMSE) values using software Origin (V 2018)
(Chen et al., 2019; Zhao et al., 2019).

2.4.2. Bioinformatics analysis

The genomic sequences were submitted to the NCBI under the Bio-
Project accession number PRINA871761. It was assembled using the
software FLASH (V 1.2.7, http://ccb.jhu.edu/software/FLASH/), and
the quality controlled was assessed using the software QIIME (V 1.9.1,
http://qiime.org/scripts/split_libraries _fastq.html) to obtain effective

@

electrically untreated protein

Furosine content was measured according to the method described
by Li et al. (2021).
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data. The effective data of all samples were clustered with 97% unifor-
mity using the software Uparse (V 7.0.1001, http://drive5.com/uparse/
) to obtain OUTs. Species annotation analysis was performed using the
Mothur method with the Silva Database (http://www.arb-silva.de/) to
obtain taxonomic information. In order to study phylogenetic relation-
ship of different OTUs, and the difference of the dominant species in
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different samples, multiple sequence alignment was conducted using the
software MUSCLE (V 3.8.31, http://www.drive5.com/muscle/).

2.4.3. Statistics analysis

All experiments were repeated three times. Data analysis was con-
ducted using the software SPSS (V 22). Data were expressed as mean +
standard deviation (SD), and means of values were performed by one-
way ANOVA (p < 0.05 was regarded significant). Pictures were drawn
by using R and software Origin (V 2018).

3. Results and discussion

3.1. Feasibility of inactivating microorganisms in milk by low intensity DC
electric field

In order to evaluate the potential of this new technique to inactivate
all microorganisms in milk, here the milk with natural microflora was
applied rather than inoculated samples with specific bacteria. Moreover,
the naturally-occurring bacterial counts of the milk samples were
incubated to 7-8.5 log CFU/mL. Compared to raw milk, no evident
differences in the physicochemical properties (e.g., fluidity and odor) of
incubated milk was found.

Fig. 2a proved that, at temperatures below 55 °C, microorganisms in
the milk could be thoroughly inactivated using low intensity DC electric
field (the intensity of these experiments was around 5 V/cm, as shown in
Fig. S1). Compared to the work of Boudjema et al. (2019), which ach-
ieved sterilization in DC electric field, in this study, the DC electric field
of lower current intensities (below 0.5 A in this experiment) also inac-
tivated microorganisms in liquid food material, milk (as shown in
Fig. 2b). Moreover, here it is proven that all the naturally occurring
microorganisms in the milk can be inactivated. In a previous study
(Boudjema et al., 2019), only Escherichia coli was inactivated in aqueous
solution under 3 A DC electric field.

In the current of 0.5 A, microorganisms of 7.5 log CFU/mL in the
incubated milk were completely inactivated, which met the target of
milk pasteurization (greater than 5 log CFU/mL) (Cole et al., 2022).
Also, complete inactivation of 4.8 log CFU/mL microorganisms in fresh
raw milk could be achieved in the low intensity DC electric field.

As for temperature, more than 60 °C is often required in conventional
thermal sterilization (Bezie, 2019). In this study, all the experiments
were carried out below 55 °C. A control experiment showed that inac-
tivation of 50 °C (Fig. 2a) without the electric field only achieved 2.5 log
CFU/mL reduction, while bacteria at 7.5 log CFU/mL could be thor-
oughly inactivated in the electric field after 270 min. In the reported
work (Boudjema et al., 2019), the uncontrolled temperature reached
80 °C eventually, therefore, it was impossible to distinguish whether the
inactivation therein was mainly attributed to temperature or electric
field. The results in this study demonstrated that the low intensity DC
electric field itself, not thermal effects, dominated the inactivation.

Additionally, compared with the other two researches on microbial
inactivation in moderate electric field (Machado et al., 2010; Al-Hilphy
et al., 2020), these experiments challenge the known perception. It
demonstrated the potential of low-intensity DC fields to sterilize food
materials, even in the presence of matrix effects, since milk exhibited
strong matrix effects in various sterilization techniques (Osaili et al.,
2009; Bai et al., 2022; Ruiz-De Anda et al., 2022). Consequently, it
technically confirmed that, in such low-intensity steady DC electric
fields (at currents below 0.5 A or at field intensities below 5 V/cm, as
shown in Fig. S1), without thermal inactivating effect, inactivating mi-
croorganisms in milk was feasible.

3.2. Kinetics model of microbial inactivation in milk by low intensity DC
electric field

As a novel microbial inactivation technique, the process is worthy of
further exploration. Hence, the kinetics were analyzed, and the effects of
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Fig. 2. Inactivation kinetics of low intensity DC electric field on the total
number of bacteria in milk. The inactivation process consisted of three stages,
the middle stage followed first-order reaction kinetics. The hollow points in the
figures mean that all bacterial were killed. Note: (a) Different temperatures
(35°C-55 °C), (b) Different currents (0.2 A-0.6 A) and (c) Different starting
electric field intensities (5 V/cm-9V/cm). Table 1 lists the model fitting and
evaluation parameters.
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temperature, current and starting electric field intensity on it were
investigated (as shown in Fig. 2a, b, 2c). It is also expected that this
kinetics investigation will further lead to some clues on the inactivation
mechanism.

It can be seen that, regardless of changing temperature, current or
starting electric field intensity, the process always can be clearly divided
into three stages: a rapid decrease in the first stage (about 30 min), a
linear decrease in the middle stage and a slowdown decrease in the last
stage. It is a new form of inactivation kinetics curve. So, a new three-
stage kinetics inactivation model is proposed here.

The linear middle stage takes the majority of the process, from 30
min to 210 min. The middle stages were fitted using Eq. (3) (as shown in
Fig. 2 and Table 1). From Table 1, it was seen that almost all results of R?
were above 0.99, and average RMSE value was 0.071, 0.088, and 0.104
respectively when temperature, current, and staring intensity were
changed. RMSE is generally considered as the most informative good-
ness index of non-linear and linear fittings, and lower RMSE values
indicate better fitness of the model (Chen et al., 2022). Both the results
strongly suggested that the middle stage was a first-order reaction ki-
netics process.

As to the other two stages, the reason for the rapid inactivation in the
first stage and the slower inactivation in the last stage may be attributed
to the resistance difference of various microorganisms to electric fields.
Similar phenomena and attributions have been reported in other ster-
ilization techniques (El-Hag et al., 2011; Huang et al., 2014).

3.2.1. Effect of different temperatures on inactivation kinetics
Temperature had a positive effect on the inactivation in this exper-
iment (Fig. 2a). Although similar law has been found in other sterili-
zations (Amiali et al., 2007; Saldana et al., 2010), the predominant role
of the electric field in this process has been clearly fixed in the foregoing
discussion (See section 3.1). However, how the combined effect of
temperature and electric field is in the inactivation, in other words,
whether temperature herein also contributed to some chemical reactions
that lead to the inactivation of microorganisms, remains unclear.
Taking the microbial inactivation as a chemical reaction, the 1/D in
Eq. (3) is directly proportional to the reaction rate constant k (The
deduction was shown in S1). According to Arrhenius’ law, the rela-
tionship between In k and }is shown in Fig. 3 (The deduction was shown
in S2). As can be seen, the change of In k value from 35 to 50 °C was
consistent with Arrhenius’ law, while the In k value at the 55 °C point
decreased slightly, which indicated that, in this process, at temperatures

Table 1
Model fitting and evaluation parameters under different conditions.

Condition Model fitting Evaluation parameter
parameter
D log Ny CFU/ R? RMSE  Average
mL equivalent RMSE
Temperature 35 150 7.2 1 0 0.071
(°Cc) 40 102 7.2 0.974  0.103
45 746 6.9 0.993  0.075
50 49 5.3 0.996 0.082
55 40 5.4 0.997  0.094
Current (A) 02 73 5.9 0.999  0.033  0.088
0.3 72 5.7 0.988 0.101
0.4 483 55 0.993  0.111
0.5 49 5.3 0.996  0.082
06 472 52 0.993  0.111
Starting 5 529 6.7 0.992 0.113  0.104
intensity (V/ 6 46.5 6.4 0.988  0.107
cm ) 7 405 6 0.992  0.087
8 42 5.8 0.99 0.133
9 49.8 5.2 0.984  0.081

Note: For the regression, the point of the first 30-min is taken as to (the first point
of the middle stage), and the resulting log Ny equivalents (the log CFU/mL of 30
min) are shown in Table 1.
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below 50 °C, temperature only exerted a physical influence and did not
cause chemical changes (Cheng et al., 2013). It is suggested that the
chemical changes leading to inactivation during this process were only
caused by electric fields at temperatures below 50 °C.

As for 55 °C, the deviation from Arrhenius’ law means that, tem-
perature here might have caused some kind of chemical change that
impacted the inactivation effect (Huang, 2019). Interestingly, the
chemical effect of temperature on the inactivation seemed to be nega-
tive, the reason for which needs further research. As a result, subsequent
experiments were carried out at 50 °C.

3.2.2. Effect of different currents on inactivation kinetics

Experiments have shown (Fig. 2b) that the current also had a sig-
nificant positive effect on the inactivation. Intuitively, the increase of
current might have a positive effect on both the first and middle inac-
tivation stage. But here, in the first stage the increase of current resulted
in better inactivation, while in the middle stage, the inactivation effect
of current appeared to differ between the two investigated ranges: below
0.3 A and above 0.4 A. As shown in Table 1, the D value below 0.3 A
seemed to be a constant while above 0.4 A it seemed to be another. In
other word, in the range below 0.3 A or above 0.4 A, the increase of
current seemed to only slightly affect the inactivation of middle stage.

The possible reason for this phenomenon is that the protective effect
of milk components makes the microorganisms in milk insensitive to the
electric field below 0.4 A (Kim and Kang, 2015; Kim et al., 2017). From
0.3 A to 0.4 A, the effect of current on the middle stage also rose
abruptly.

When the current was raised from 0.4 A to 0.6 A, although a slightly
better inactivation effect was obtained, the margin of this increase was
rather limited. Further considering that at this point the heat production
of the electric field gradually increased, and therefore the temperature
control became more difficult, the other experiments were conducted at
0.5 A.

3.2.3. Effect of different starting electric field intensity on inactivation
kinetics

For better inactivation effect and shorter treatment time, the effect of
different starting electric field intensity at 0.5 A and 50 °C was tested
(Fig. 2¢). It was seen that the increase of starting electric field intensity
also affected the inactivation. Compared to current, higher starting
electric field intensity was more beneficial to the first stage inactivation.
However, interestingly, starting electric field intensity also had effects
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on the middle stage inactivation, which was positive before 7 V/cm and
then negative with starting electric field intensity increasing, although it
lasted as short as 5 min at the beginning.

Correspondingly the D values showed an increasing trend before 7 V/
cm and then decreasing (Table 1). It was speculated that the short
duration of higher electric field intensities has caused microorganisms to
undergo stress physiological changes. Similar phenomena have been
reported in other inactivation techniques (Lou and Yousef, 1996; Liao
et al., 2018). Hence, the starting electric field intensity increase needs to
be limited to a relatively effective range.

3.3. Milk microflora change after inactivation with electric field

To reveal inactivation selectivity to bacteria in the low intensity DC
electric field, microflora of the incubated milk samples before and after
inactivation was investigated using high throughput sequencing tech-
niques (Fig. 4a, b, 4c).

From Fig. 4a, it can be seen that the community of control sample
(CON.O d) consisted mainly of Pseudomonas, Acinetobacter, Pantoea,
Lactococcus, and, Serratia. Among them, there were both potential
pathogenic bacteria and spoilage bacteria. Pseudomonas spp. and Aci-
netobacter spp. were the dominant genera, accounting for 27.5%, and
56.9%, respectively. As reported previously (Zhang et al., 2019; Stra-
takos et al., 2019), both of them were the dominant genera of raw milk
in low temperature storage. It indicated that the microorganisms in the
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incubated milk sample were appropriate for the inactivation investiga-
tion. As to species level (Fig. 4b), the four most abundant species, Aci-
netobacter johnsonii, Pseudomonas fragi, Pseudomonas tolaasii, and
Acinetobacter guillouiae, belong to the two dominant genera shown in
Fig. 4a, Acinetobacter spp. and Pseudomonas spp. respectively.

3.3.1. Relative abundance of milk microflora

At both the genus level and species level (Fig. 4a and b), the electric
field treatment (DC.0 d) changed the community composition slightly,
mainly in abundance, which was similar to the heat treatment (HT.0 d).
Similarly, selectivity also has been reported in high-pressure steriliza-
tion of oysters (Rong et al., 2018). The results indicated that, as well as
heat treatment and other sterilization technologies, inactivating effect of
the electric field was also slightly selective to various bacteria.

In addition, it was found that after 7 days of storage (at 4 °C),
compared to the control sample, the microbial growth of the electric
field treated samples was significantly lower (p < 0.05) (Fig. 4d). It
suggested that the technology may have an advantage over traditional
thermal sterilization for extending shelf life.

3.3.2. Species clustering heat map of milk microflora

As can be seen from the heat map (Fig. 4c), both the electrically
treated sample (DC.0 d) and the heat-treated sample (HT.0 d) showed a
little difference in Z-value from the control sample (CON.O d). After
storing the samples at 4 °C for 7 days, the Z-value of Enhydrobacter spp.,
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Chryseobacterium spp. and Stenotrophomonas spp. were higher in the
electrically treated sample (DC.7 d), while Ralstonia spp., Delftia spp.
and Marinobacterium spp. were higher in the heat-treated sample (HT.7
d). Nevertheless, samples DC.0 d and HT.0 d were clustered into the
same group, and so were samples DC.7 d and HT.7 d. It again indicated
that the microbial inactivation in electric field had similar selectivity as
the thermal sterilization.

3.4. Physicochemical-properties evaluation of milk after inactivation

To evaluate whether the quality of milk after microbial inactivation
met the fresh-like milk demand, pH, furosine content, whey protein
denaturation rate, turbidity, zeta-potential, particle size, size of lipid
droplets, color and viscosity physicochemical parameters were deter-
mined. Preliminary experiments revealed that 4.8 log CFU/mL of bac-
teria count in raw milk would be completely inactivated after 150 min
treatment in the electric field. So, the samples used here were raw milk
with <5 log CFU/mL of bacterial count.

3.4.1. Chemical stability characterization

As can be seen from Fig. 5a, there was no significant difference (p >
0.05) among pH within the first 60 min, then pH decreased slightly from
6.71 to 6.33 with time lasting. The pH decreasing by similar extent was
also found in pasteurization (Pegu and Arya, 2021) and other
non-thermal sterilization technology (Li et al., 2018). Here the pH
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Fig. 5. Characterization of chemical stability of raw milk after inactivation.
Different letters above bars indicate significant differences (p < 0.05). Note: (a)
Whey protein denaturation rate and pH (b) Furosine content.
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decrease may be attributed to a slight isoelectric focusing phenomenon
in milk proteins (Sui et al., 2021).

With treatment time lasting, the denaturation rate of whey protein
increased by 0.29% at the first 30 min, and there was no significant
difference (p > 0.05) over the rest time (Fig. 5a). As the second most
abundant protein in milk, whey protein has many bioactivities (Zhang
et al., 2021a). The denaturation rate in this study was much lower than
that (43%) of pasteurized heat-treated milk whey proteins (Giroux et al.,
2020). It indicated that the inactivation preserved the biological activity
of fresh milk better (Troise et al., 2014), thus, meeting the fresh-like
demand for fresh-like milk.

Fig. 5b shows the furosine content changing during the inactivation
in low intensity DC field. The results of the external standard method
suggested that no furosine formed during the process. Since furosine is
usually found in heat-treated milk (Li et al., 2021), the furosine content
is also an important index to determine whether the milk is fresh-like
(Zhang et al., 2021b). Moreover, it was found to have adverse effects
on human health recently (Boitz et al., 2015). So, the results again
implied that, after the inactivation in low intensity DC field, fresh-like
milk can be obtained.

3.4.2. Physical stability characterization

Turbidity, zeta-potential and particle size characterize the stability of
milk and are often used to evaluate the stability of the milk colloidal
system (Shanmugam et al., 2012; Scudino et al., 2020). Fig. 6a—b shows
their values during the inactivation.

The turbidity of milk increased a little with the time lasting. It was
reported that the turbidity of milk was positively correlated with the size
of protein particles and lipid droplets (Ragab et al., 2019), which was
also verified by the slightly-increased particle size results in this
experiment (Fig. 6b and Fig. S4). At the same time, the absolute value of
the zeta-potential was slightly reduced from 28.7 mV to 25.5 mV, which
may imply a slight reduction in the stability of the treated milk (Pegu
and Arya, 2021). This may also be responsible for the particle size in-
crease. These changes may be a direct result of the electric field treat-
ment (Costa et al., 2018), or derived from pH changes.

As can be seen from Table 2, with the time lasting, the L, a and b
values were also changed slightly. The AE was 0.96 at 150 min. This
minor difference was generally considered to be unnoticeable (Cser-
halmi et al., 2006). This was further supported by image of the electri-
cally treated samples (Fig. 6d).

Fig. 6¢ shows that the viscosity of milk decreased with the increasing
time. A slight fat separation was observed after inactivation. This was
inferred to be the result of increased particle size. Similar decrease of
viscosity was also reported in the study on ultrasonic sterilization of milk
(Shanmugam et al., 2012).

In a word, the slight changes of the physical indexes are similar with
the result reported in previous milk sterilization studies. It indicates that
after microbial inactivation the milk was physically stable.

4. Conclusions

In this study, the feasibility of low intensity steady DC electric field
for milk’s microbial inactivation was successfully verified. At 50-55 °C,
current of 0.3-0.6 A, and starting electric field intensity of 5 V/cm-9 V/
cm conditions, the inactivation effect can meet the target of milk
pasteurization. The inactivating effect of the electric field itself was also
preliminary demonstrated here.

According to the inactivation curves, a new kinetics model was
proposed. The inactivation is divided into three stages: a rapid decrease
in the first stage, a linear decrease in the middle stage and a slowdown
decrease in the last stage. The middle stage, which took up about 2/3 of
the whole process, followed first-order reaction kinetics model. A more
in-depth analysis of the kinetics showed that, below 50 °C, the effect of
temperature on the middle stage was consistent with the Arrhenius Law.
It again supported that the electric field itself can inactivate bacteria in
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Table 2
Effect of low intensity DC field treatment on milk color.
Time L* a* b* AE
(min)
0 78.67 £0.04° —0.99 +0.01° 3.83+£0.01¢ -
30 78.64 +£0.05° —0.98 +0.01°  3.83+0.02¢ 0.03 +0.01°
60 78.61 +0.02°  —0.95 + 3.95 + 0.13 +
0.02%° 0.03¢ 0.03¢
90 78.52 +0.02°  —0.95 + 4,01 +0.05°  0.24 +0.01°
0.03%
120 78.12 + —0.92 +£0.02° 420 +0.03"  0.66 +
0.09° 0.02°
150 77.88 £0.07° —0.91 +0.02°  4.38+0.04°  0.96 + 0.03°

Note: The same lowercase letter in one column means that the difference is not
significant at 0.05 level.

milk without thermal effect.

Meanwhile, the microflora analysis indicated that Pseudomonas spp.
and Acinetobacter spp. were identified as the naturally occurring domi-
nant genera in the incubated milk, and the low intensity DC electric field
can inactivate the naturally occurring microorganisms in milk with
slight selectivity, similar to thermal and other sterilization techniques
which is acceptable. Physicochemical-properties evaluation showed
that, the inactivation chemically preserved the milk’s fresh-like char-
acteristics, and maintained the milk physically stable to an acceptable
extent. It is proven that the low intensity DC electric field can be a
promising liquid food sterilization device.
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