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Abstract

The goal of this work was to investigate the influence of pulsed electric fields (PEF) operational parameters on a mixture
of Streptococcus thermophilus DIL 5218 and Lactobacillus delbrueckii subsp. bulgaricus DSMZ 200817 with regards to
the culture’s acidification capability in reconstituted skim milk medium. We investigated the effects of field strength, pulse
frequency and total number of pulses by use of design of experiments and a two-level full factorial design. The responses
were the cell counts of the two microorganisms after PEF application, the pH lag phase 4., the maximum pH change rate
Hoax» the maximum pH change and the oxidation/reduction potential (ORP). The application of PEF on the mixed culture
accelerated the acidification of milk by an average of 12 min in an approx. 160 min lasting control 4,y. In contrast the
maximum pH change rate u,,,, and the maximum pH change decreased slightly in fermentations with PEF-treated cultures.
Furthermore, a significantly faster decrease of the oxidation/reduction potential (ORP) already within the first 30 min and
a lower final ORP was observed in milk fermented with PEF-treated culture. The total number of pulses applied was the
most influencing factor in most of the responses measured. We hypothesized that the reason for the enhanced performance
of the PEF-treated culture was a combination of an oxidative stress response of S. thermophilus DIL 5218 and an enhanced
proteolytic phenotype in L. delbrueckii subsp. bulgaricus DSMZ 200817,

Keywords Pulsed electric fields - Starter culture - Yogurt - Acidification acceleration - Stress response

Introduction

The commercial production of set yogurt is aided with the
use of special starter cultures of S. thermophilus and L. del-
brueckii subsp. bulgaricus. The associative growth of the
two—termed proto-cooperation—has been shown to lead
to higher acidification rates and lower end-fermentation pH
than in single strain fermentations [1, 2]. Furthermore higher
S. thermophilus cell density [3] and higher production of
aroma compounds and exopolysaccharides [4, 5] have been
observed. The rapid acidification in the fermentation of milk
serves mainly two purposes: the safety of the final product
by inhibition of pathogens through the rapid production of
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lactic acid and the development of the gel network through
the aggregation of casein as the pH drops to the caseins’ iso-
electric point [6, 7]. In the industrial production of yogurt,
upon addition of the starter culture to milk a pH lag phase
[8] is seen where cultures adjust to the new milk environ-
ment and where no pH change is observed. A short pH lag
phase is of high interest to the industry, to shorten the fer-
mentation time under the condition that no adverse effects
on the sensory characteristics of the yogurt occur.

Pulsed electric fields (PEF) are a novel technology, among
others, for the pasteurization of liquid foods. In comparison
to pasteurization, PEF have the ability to decontaminate
foods without a considerable increase in their temperature,
thus, preserving their sensory characteristics. The technol-
ogy is based on the delivery of a pulsing power between the
electrodes of a treatment chamber containing the liquid food
[9]. The electrical pulses are conducted through the food
to the membrane of the microbial cell causing electropora-
tion and under certain intensities irreversible cell membrane
damages, leakage of intracellular material and cell death.
The effectiveness of microbial inactivation depends on the
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microbial characteristics, the treatment medium characteris-
tics as well as several PEF operational factors. These are the
electric field strength, the treatment time, the frequency of
the pulses the specific energy applied as well as the geom-
etry and the polarity of the pulses [10]. The application of
PEF for the pasteurization of liquid food has been successful
in various products depending on the amount of total energy
applied [11]. However, when the total energy applied by
PEF is reduced to sublethal levels it can lead to a growth-
stimulating effect [12] or to reversible electroporation of the
membrane. Technologically significant effects of sublethal
PEF on food-grade microorganisms included the increase in
viability and fermentation activity of Saccharomyces cerevi-
siae [13-15] and the induction of increased growth rate, acid
tolerance, proteolytic activity and bacteriocin formation in
Lactobacillus spp. [16-18].

The aim of this study was to evaluate whether the applica-
tion of PEF on yogurt starter culture influences its acidifica-
tion capability and whether this effect could be influenced
by the levels of the individual PEF-related parameters like
field strength, pulse frequency and number of pulses applied.

Materials and methods
Cell suspension preparation

S. thermophilus DIL 5218 and L. delbrueckii subsp. bul-
garicus DSMZ 200817 were used as yogurt starter culture
and routinely cultured in M17 medium (Oxoid) and MRS
medium (Carl Roth) at 37 °C and 42 °C, respectively. Cells
counts were determined using M17 agar (Oxoid) and MRS
agar (Carl Roth) and incubating at 37 °C and 42 °C, respec-
tively, for 24 h. For each experiment the strains were revived
from frozen glycerol stocks on agar plates. Overnight liquid
cultures were prepared by inoculating a colony in the cor-
responding liquid medium and incubating for 20 h. Working
cultures were prepared by inoculation of the liquid medium
with 10% overnight liquid culture and incubation at the
relevant temperature for 4 h until reaching the middle of
the exponential phase. Cell suspensions were prepared by
centrifugation of a working culture at 10,000xg and wash-
ing once in 0.1% peptone water (Carl Roth) before re-sus-
pending in the same medium. The desired cell concentration
of 7.5 x 10" CFU/mL was achieved by adding sterile 0.1%
peptone water.

PEF treatment of cell suspensions

The treatment of the cell suspensions of S. thermophilus
DIL 5218 and L. bulgaricus DSMZ 20081" was done in an
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ELCRACK HPV Batch PEF equipment (Elea Vertriebs- und
Vermarktungsgesellschaft mbH, Quakenbriick, Germany)
with a capacitor of 0.5 pF. The treatment chamber had a
volume of 125 mL and was composed of two stainless steel
parallel electrodes separated from each other with white
Teflon insulation of 3 cm length. The energy was delivered
to the samples in the form of exponential decay pulses. The
effects of three factors, namely, X1: the field strength, X2:
the pulse frequency and X3: the total number of pulses on
the acidification capacity of the cultures were evaluated by
the use of a 23 full factorial arrangement resulting in 8 runs
per experiment (Table 1). The specific energy applied in
each run was calculated using Eq. 1.

E=05-C-U*-n 1))

where C is the capacitance, U is the voltage used and n is the
number of pulses. The corresponding values of each factor
for both levels are shown in Table 2. PEF treatments of the
mixed culture were done in biological quadruplicates and
each replicate represented a completely randomized block.

Fermentations

Duplicate fermentation bottles were inoculated with cell
suspension of each run resulting in a total of 16 fermenta-
tion bottles per experiment. All fermentations were done in
250 mL Schott bottles with round openings on the lids to
allow exactly the insertion of the pH electrode. The lids were
fitted with rubber gaskets to prevent the introduction of con-
densed water in the flask. In each flask, 245 mL of 9% (w/v)
sterilized (121 °C, 15 min) skim milk powder (DMK GmbH,
D-Zeven) was used as fermentation medium. The medium
was tempered to 42 °C before being inoculated with 5 mL of
either PEF-treated or not treated cell-suspension and mixed
well by repeated aspirating and dispensing using a serologi-
cal pipette. The final theoretical concentration of untreated
cells in the milk was 1.5 X 10> CFU/mL. The incubation of
the inoculated skim milk bottles was done in a water bath
(LAUDA Eco RE 2025) at 42 °C and the pH and the oxida-
tion reduction potential (ORP) development was followed by
an iCinac analyzer system (AMS Alliance, F-Frépillon) for
480 min. The positions of the bottles in the water bath were
fully randomized to avoid possible deviations introduced
from the proximity of the bottles to the heating element of
the water bath. Two flasks with milk medium were inocu-
lated with PEF-treated pH cell suspension from each PEF
run. Each fermentation was repeated 4 times (equal to the
number of PEF-treated biological replicates). Control fer-
mentations with not PEF-treated cell-suspension mix were
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Results
Counts of surviving and not-injured cells

Based on the cell counts determined after PEF treatment of
the starter culture and depending on the different PEF condi-
tions applied, an average of 15.4% of the calculated initial
inoculum (7.5 x 10" CFU/mL) of S. thermophilus DIL 5218
and 24.3% of that of L. bulgaricus DSMZ 200817 survived
the treatment (Table 1). Furthermore, 86.2% of the surviv-
ing S. themophilus cells were not injured as they managed
to grow on the stress medium containing NaCl. In contrast,
an average of only 64.8% of the surviving L. bulgaricus cells
could be characterized as not injured. From the factorial
regression analysis, it was concluded that only the param-
eter field strength exhibited a significant effect (p =0.014,
a=0.05) on the counts of SC of L. bulgaricus. Increase in
the field strength led to lower SC counts.

Effect of PEF parameters on A and y,,,, of the starter
culture

The coefficient of determination (R?) of the models fitted to
the data was > 0.998 for all fermentations. Application of
PEF on the starter culture increased its acidification capabil-
ity compared to a fermentation with not PEF-treated culture.
Depending on the PEF conditions, a decrease of the pH lag
phase 4, of up to 12 min was observed (Fig. 1).

The calculated means of 4, (n=4) in relation to differ-
ent PEF conditions and compared to the 4,y of fermenta-
tions done with not PEF-treated starter cultures are listed
in Table 1. Analysis of variance of the 4,y of the different
treatment groups and the control did not reveal statistically
significant differences (p > 0.05). As depicted in the multi-
vari chart in Fig. 2 the combination of high number of pulses
(right panel), high frequency (right part of the right panel)
and low field strength (triangle pointing down) tended to
cause the lowest 4y, as also shown in Table 1.

The factorial regression analysis of the response 4,4
for the mixed yogurt culture indicated that the number of
pulses and the interaction of number of pulses and frequency
had a significant effect on the pH lag phase (p =0.04 and
p=0.000, respectively). High number of pulses, low field
strength as well as the combination of high frequency and
high number of pulses tended to minimize 4,. The lineal
regression model fitted to the response 4, had a coefficient
of determination (R?) of 0.911 and the adjusted R? for the
number of predictors (factors) was 0.8728, indicating that
the model could explain 87.28% of the variability of the
response. No apparent violation of the assumptions for
ANOVA was observed.

Interestingly, the mean g, in the fermentations where
PEF-treated cultures were used tended to be equal or lower
than that of the fermentations done with not-PEF-treated
cultures (Table 1). Analysis of variance of the u, .. of the
different treatment groups and the control, however, did
not exhibit statistically significant differences (p > 0.05).

Fig.1 Absolute pH change of 16 -
milk medium inoculated with ’
not PEF-treated starter culture
(open circles) and with PEF- 1.4 -
treated culture (run 3) with 50
pulses at 4 Hz and 1 kV/cm
field strength (closed circles) 1.2
during an incubation at 42 °C g —&— Run3
for 480 min c O+ No PEF
I 1.0 A
_C .
(&)
T
2 0.8
(]
=
=
3 06 -
Q0
<
0.4 -
0.2 4
0.0 + | T
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Fig.2 Muti-vari chart for APH,
showing the gradients across

Frequency

all fermentations tested. Panel

Number of pulses:-1

Number'of pulses: 1

variable: number of pulses; the 1541
left and right panels represent
low and high number of pulses,

respectively. Rhombuses detail 1531
the mean 4, calculated at

each pulse number level tested. 1521
Squares detail the mean 4 at

each pulse number—frequency 151

combination tested. Pyramids
and inverted pyramids detail
the mean 4, at high and low 150 \,‘
field strength, respectively, at

each pulse number—frequency 149
combination tested

A mixed culture (mins)

1481

-1

Frequency

Fig.3 Muti-vari chart for y1,,
showing the gradients across

Frequency

-1 1

all fermentations tested. Panel

Number of pulses: -1

Number <.)f pulses: 1

. 0.63
variable: number of pulses; the

left and right panels represent

low and high number of pulses, 0.62
respectively. Rhombuses detail
the mean . calculated at
each pulse number level tested.
Squares detail the mean 1, at
each pulse number—frequency
combination tested. Pyramids
and inverted pyramids detail
the mean ., at high and low
field strength, respectively, at
each pulse number—frequency 0.58
combination tested

0.61

0.60

pmax (h-1)

0.59

0.57
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Factorial regression analysis of the . in the fermentations
with PEF-treated mixed culture revealed that the interaction
of number of pulses and the frequency of the pulses had a
significant effect (p=0.02) on y,,,. When a low number
of pulses was applied (5 pulses), increase of the frequency
from 0.5 to 4 Hz tended to increase the mean y,,,,. On the
contrary, at high number of pulses (50 pulses) an increase in
the frequency from (0.5—4 Hz) tended to decrease the mean
Moy (Fig. 3).

The R? for the linear regression model fitted to the
response .., was 0.509, the adjusted R? for the number

Frequency

of predictors (factors) was 0.3085. Analysis of the stand-
ardized residuals indicated that they were normally dis-
tributed, had a constant variance and were independent
from each other. One observation with a high standard-
ized residual was found. The deviation of this point from
the model could not be explained and therefore further
analysis was done to evaluate its influence on the model.
Exclusion of this observation from the analysis or trans-
formation of the data and new regression analysis were
attempted. No change in the result was observed regardless
of the methodology followed (data not shown).

@ Springer



626

European Food Research and Technology (2020) 246:621-630

Effect of PEF parameters on oxidation reduction
potential

Treatment of the mixed culture with PEF resulted in a faster
reduction of the oxidation reduction potential (ORP) of the
milk in comparison to a milk fermentation with non-PEF-
treated cultures. The accelerated reduction of the ORP was
evident already in the first 5 min of the fermentation, as
it can be seen in Fig. 4. Application of PEF at high field
strength (3.67 kV/cm), low frequency (0.5 Hz) and high
pulse number (50 pulses) resulted on average in the fastest
decrease of ORP (run 7) while treating the culture with the
same field strength and frequency but with low number of
pulses (5 pulses) resulted in the slowest ORP decrease (run
1). Comparison of the absolute decrease of ORP at 2, 10
and 30 min of fermentation showed that there was a statisti-
cally significant difference between the mean absolute ORP
decrease of run 7 and that of the fermentations done with
not PEF-treated mixed culture (Student’s test, p <0.05). The
difference indicated that the number of pulses was playing
an important role in the enhancement of the culture’s ability
to decrease the redox potential.

Factorial regression analysis of the mean absolute ORP
decrease in the first 30 min of incubation revealed that
frequency (p =0.021) and the interaction of frequency and
number of pulses (p =0.005) had a statistically significant
impact on the redox potential decrease (R*>=0.637,
Ri e 0.465). No apparent violation of the assumptions for

ANOVA was observed. Analysis of variance of the

different treatment groups did not reveal statistically sig-
nificant differences (p > 0.05). When applying low number
of pulses, increases in frequency from 0.5 to 4 Hz tended
to cause a faster decrease of the ORP regardless of the
field strength applied. When applying high number of
pulses, however, the ORP decrease depended on the com-
bination of field strength and frequency (Fig. 5). At high
field strength (3.7 kV/cm) an increase in the frequency led
to smaller ORP decreases in the fermented milk while at
low field strength an increase in the frequency led to
higher ORP decreases.

Effect of the PEF parameters in the maximum pH
change

Application of PEF on the culture had a negative effect on
the maximum pH change within the 480 min fermentation
time as compared to the maximum pH change achieved
with a not PEF-treated mixed culture in the same time.
Factorial regression analysis showed that the number of
pulses (p =0.006) and the field strength (p =0.034) had a
significant effect on the maximum pH decrease (R*>=0.841,
Ri e 0.765). No apparent violation of the assumptions for
ANOVA was observed. Analysis of variance of the maxi-
mum pH change in the different treatment groups did not
reveal statistically significant differences (p > 0.05).
Higher number of pulses and low field strength tended to
cause greater decrease of pH as seen in Fig. 6.

Fig.4 Development of the 0® :
mean absolute ORP during the Field Strength / Frequency / No. of Pulses
fermentation of milk medium @ 367/05/5
at 42 °C for 480 min. Runs 1-8 e Qe 3.67/4/50
" . : —— % —— 1/4/50

corresppnd to e.rmentatlons —~ 204 X 17055
done with the mixed starter > . — m— 1/45
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Fig.5 Muti-vari chart for
absolute ORP change, show-

Frequency

ing the gradients across all

Number of pulses: -1

Number of pulses: 1

fermentations tested. Panel 551

variable: number of pulses; the
left and right panels represent
low and high number of pulses,
respectively. Rhombuses detail
the mean absolute ORP change
calculated at each pulse number
level tested. Squares detail the
mean absolute ORP change at
each pulse number—frequency
combination tested. Pyramids
and inverted pyramids detail
the mean absolute ORP change
at high and low field strength,
respectively, at each pulse
number—frequency combination
tested
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Fig.6 Muti-vari chart for max.
pH change, showing the gra-

-1 Frequency 1

Number of pulses:

-1 Number of pulses: 1

dients across all fermentations 1644
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Rhombuses detail the mean
max. pH change calculated at
each pulse number level tested.
Squares detail the mean max.
pH change at each pulse num-
ber—frequency combination
tested. Pyramids and inverted
pyramids detail the mean max.
pH change at high and low field
strength, respectively, at each
pulse number—frequency combi-
nation tested

1.631

1.621

1.614 N

max pH change

1.601

1.591

1.58+

Discussion

In this work we influenced the development of pH and ORP
in the fermentation of milk medium by applying, in advance,
pulsed electric fields on yogurt starter cultures. Interestingly
an acceleration of the acidification and a drastic reduction of
the ORP were achieved with lower initial inocula compared
to the control fermentation, as application of PEF on the
starter culture led to a more than 50% reduction of the ini-
tial inoculum size and the production of sub-lethally injured
cells in the populations of both starter strains.

Frequency

The stimulating effect of the application of electrical cur-
rent (direct current, alternating current or short pulses) on
the metabolism of microorganisms has been documented for
the growth and metabolic processes of different microorgan-
isms, as recently reviewed by Mota et al. [19]. Although
the mechanism by which this effect can be explained is not
yet fully elucidated, two possible mechanisms have been
suggested:

a. The formation of pores by electroporation and increased

diffusion of ions and molecules which is augmenting
nutrient uptake leading to increased performance [20].
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b. Stimulation of metabolic cascades and control of meta-
bolic pathways because of the activity of electric fields
[21].

Electropermeabilization of cells with PEF has been
shown to cause an osmotic imbalance because of the loss
of Na+, K+, or other cytoplasmic substances and swell-
ing of the cells due to increased intake of solution from the
cell’s environment [22]. Enhanced nutrient uptake due to
this inwards positive flux has been considered as the possible
cause of increased performance in cells treated with mild
electric fields [23]. For example, decrease in the growth lag
phase in fermentations with L. acidophilus due to the appli-
cation of mild electric fields (1 V/cm) has been shown earlier
[18]. The lag phase duration was positively correlated with
the frequency of the current used, i.e., lower frequencies
(45 Hz and 60 Hz) caused shorter lag phase durations. The
authors associated this effect with increased mass transfer
due to the formation of electropores, as already shown for
eukaryotic cells [24], although increase in mass transfer was
found to be associated with increasing voltages [18]. In our
experiments, the peptone water solution used for application
of PEF on the culture cells, contained a pancreatic digest of
casein which is rich in amino acids and peptides essential
for growth. Massive transfer of essential nutrients inside the
cells of the culture may have induced a rapid kick-off of
metabolic processes giving a head start to the PEF-treated
culture compared to the untreated one. However, in con-
trast to the findings of Loghavi et al. [18], in our experi-
ments shorter lag phases tended to correlate with lower field
strength (lower voltage), indicating that nutrient transfer by
electroporation is less likely to be the underlying cause for
this performance increase observed.

Alternatively, since transfer of solutes caused by elec-
troporation of a membrane is bidirectional, as shown previ-
ously by the presence of nucleic acids in the environment
of electroporated cells [22], a stress response due to pore
formation resulting in leakage of intracellular material might
also cause increase in the metabolism. Leakage of intracellu-
lar material including small molecules, like ATP and cations
because of pore formation, is a usual result of the action
of antimicrobial peptides like bacteriocins. In this aspect,
application of stress on Listeria monocytogenes 08-5923 by
exposure to sublethal doses of carnocyclin A, a bacteriocin
from Carnobacterium maltaromaticum has been shown to
induce the upregulation of genes encoding metabolism-
related proteins like the pyruvate kinase PykA [25].

The application of pulsed electric fields at sublethal lev-
els for the cells has been known to induce oxidative stress
responses [26]. Indeed, high voltage discharge in water as
well as cells in aqueous suspensions causes the formation
of reactive oxygen species (ROS) like H,O, not only in the
medium but also inside the cells [27, 28]. Most of lactic
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acid bacteria have been shown to possess a multitude of
stress-induced response mechanisms involving the activa-
tion of several metabolic processes to protect themselves
from heat, cold, oxidative and other shocks [29]. However,
L. delbrueckii subsp. bulgaricus lacks the genetic determi-
nants to synthesize detoxification enzymes like catalases,
peroxidases or superoxide dismutases [30]. Therefore, the
presence of H,0, in the medium or intracellularly would
cause a retardation and not an acceleration of its metabolism
[31]. S. thermophilus on the contrary has multiple response
mechanisms to detoxify from ROS including H,O-forming
NADH oxidases, NADH peroxidases, superoxide dismutases
as well as a generalized antioxidant potential through
metal ion chelating [32]. Furthermore random insertional
mutagenesis studies in S. thermophilus CNRZ368 revealed
that expression of the same seven genes was involved in the
stress response of the microorganism to different oxidative
stress inducers including oxygen (as dissolved oxygen in liq-
uid medium), hydrogen peroxide and methyl viologen [33].
In set yogurt production, the dissolved oxygen concentration
is likely to be high in the beginning of the fermentation due
to the incorporation of oxygen through the mixing employed
to distribute the starter culture in the milk mass.

Moreover, it has been shown that S. thermophilus accel-
erates L-lactate and formate accumulation in fermentation
when the milk is deoxygenated [34]. It is therefore conceiv-
able that in our work the application of sublethal levels of
PEF on S. thermophilus DIL 5218 elicited an oxidative
stress response in the cells and thus, allowed them to quickly
adapt to the oxidative environment of the oxygenated milk
medium. Indeed, our experimental results showed that ORP
of fermentations with PEF-treated starter culture exhibited
a rapid decrease compared to the control fermentation and
remained significantly lower throughout the fermentation.
The frequency of pulses applied to the culture seemed to
play a significant role in the development of the ORP. Espe-
cially when a total of 50 pulses were applied on the culture at
3.7 kV/cm field strength, an increase in the frequency from
0.5 to 4 Hz caused a rise in the ORP values (lower oxida-
tive effect). Pakhomova et al. [28] showed a similar effect
of pulse frequency and field strength in the creation of ROS
in a medium. Interestingly, when 50 pulses of nano-second
PEF were applied in cell-free medium at 9.8 kV/cm field
strength, an increase of frequency from 0.3 to 1 Hz caused
a reduction of the oxidative effect. Assuming that, within
reasonable limits, higher concentration of ROS induces a
greater stress response and in turn a steeper decrease in the
ORP in milk medium, these results confirm our findings.

The response to the oxidative stress and the strong reduc-
tion of ORP though cannot fully explain the acceleration
of the fermentation observed with some PEF treatments.
Looking closer to the runs with the strongest ORP reduc-
tion, it can be seen that they are also among the ones with
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the slowest fermentation in terms of 4. In contrast, run 3
exhibited the shortest mean 4, and also one of the steepest
ORP reduction among the fermentations done with PEF-
treated cultures. In our experiments the counts of L. bulga-
ricus DSMZ 20081" were significantly affected (p < 0.05)
only by the field strength applied, in the sense that higher
field strength resulted in lower NI cell counts. In run 3 the
counts of NI cells are among the highest in the PEF-treated
samples. A possible explanation to that could be that the
presence of L. bulgaricus DSMZ 200817 acted as an ampli-
fier of the acidification effect, since it is known that formate
produced by S. thermophilus induces the growth of L. del-
brueckii subsp. bulgaricus [35]. This in return may have
stimulated the growth of S. thermophilus by production of
small peptides using its strong proteolytic machinery [36,
37]. Indeed, application of mild PEF treatment (1 kV/cm)
on L. delbrueckii subsp. bulgaricus has been shown to sig-
nificantly increase its proteolytic activity [17] which further
supports this argument.

To our knowledge, this is the first study to show the suc-
cessful use of PEF in improving the performance of lactic
acid bacteria in food fermentation. We showed that applica-
tion of mild PEF treatment on dairy starter cultures, under
specific conditions, can cause an earlier onset of pH decrease
in the fermentation which may be a desirable characteristic
for the industry. Based on this information, further research
is needed to characterise the effect of the PEF parameters
within a broader range of values on the metabolism of the
starter organisms. The application of PEF on starter cultures
for yogurt manufacture is bound to elicit responses at the
transcriptome level, possibly manifested in the phenotype
of the microorganisms. The study of the possible relations
between the different PEF parameters, the microorgan-
isms’ genomes and transcriptomes and their phenotypical
responses as well as their connection to the development of
the sensory characteristics of yogurt, could open a new field
of applied research.
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