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Abstract: In this study, pulsed electric fields (PEFs) were evaluated as extraction-aiding technology
during soymilk manufacturing to improve its isoflavone profile. Low-intensity PEFs were applied at
different processing conditions in two stages of the soymilk extraction process, hydrated soybeans
(HSB) and soybean slurry (SBS), with the soymilk extracted from the conventional process as control
(CSM). Overall, resultant soymilk samples from PEF-HSB and PEF-SBS presented lower concen-
trations of glucosides isoflavones and greater aglycone content than those in CSM. In contrast to
genistin (Gin) and daidzin (Din), which decreased around 18.5–52.6% and 10.9–54.6%, respectively, an
increase in genistein (Ge, 12.3–64.4%) and daidzein (Da, 9–55.8%) was observed. The total isoflavone
content (TIC) of most soymilk samples prepared from PEF-HSB was lower than that of the CSM.
Conversely, when PEF-SBS was used, the TIC of resultant soymilk was not significantly affected or
slightly decreased. However, PEF treated HSB at 10 kVcm−1/100 pulses and SBS at 6 kVcm−1/10
pulses led to a significant augment in TIC, of up to 109 ± 2.39 and 110 ± 1.26 µg/g, respectively, in the
extracted soymilk samples. These results indicated that low-intensity PEF is a potential technology
that could be implemented during soymilk manufacturing processing to modify the isoflavone profile
and content of soymilk, mainly increasing its aglycone concentration.

Keywords: low-intensity pulsed electric fields; extraction-aiding technology; soymilk; isoflavones;
aglycones

1. Introduction

Isoflavones are naturally occurring phenolic secondary metabolites usually present in
soybeans and their derivative products [1]. Their consumption has been associated with a
low risk of chronic and degenerative diseases such as cardiovascular diseases, osteoporosis,
menopausal symptoms, hormone-dependent cancers, obesity, diabetes, etc. [2]. Further-
more, isoflavones have other biological functions such as anti-inflammatory and antioxidant
activities [3,4]. According to their chemical structure, isoflavones are classified into four
groups: aglycones, β-glucosides, acetyl-conjugated β-glucosides, and malonyl-conjugated
β-glucosides [1,5]. Depending on their chemical structure, they present different biological
activities; among them, aglycones have the highest bioactivity and bioavailability [6,7].
However, the isoflavone profile and concentration in soy derivative products are influenced
by several factors, including soybean variety, crop and harvesting season, and storage time.
In addition, processing conditions such as temperature, pH, microbial fermentation, and
enzymatic or acid hydrolysis affect the content and distribution of the different isoflavones
forms in soy-based products, changing their absorption and metabolism rate [8,9].

Among soybean derivative products, soymilk is one of the most popular consumed
worldwide. It is a colloidal dispersion resulting from the aqueous extraction of soybean
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grains [5], which is characterized by a significant content of high-quality protein, vitamins,
and minerals, with low concentrations of carbohydrates and fats [10]. This plant-based
beverage is appreciated by consumers with lactose intolerance and milk protein allergy; it
is an affordable substitute for cow’s milk [11,12]. Its manufacturing process consists of five
main stages: selection and dehulling of soybeans, water soaking, grinding to obtain the
slurry, filtering to separate the liquid from the okara (solid residue), and thermal pasteuriza-
tion to inactivate antinutritional factors, enzymes, and pathogenic microorganisms [5,13].
Other processing steps such as formulation, fortification, and packaging are also carried
out, depending on the producer [14].

It has been reported that processing operations and conditions applied during soymilk
extraction significantly impact its isoflavone content and profile, modifying their structure,
especially in the conversion to nonconjugated forms [15–17]. Hence, one of the key research
challenges for scientists and technologists is to develop effective processes capable of
increasing the isoflavone aglycone content in processed soymilk, obtaining soy-based
beverages with enhanced bioavailability, and bioactivity [1].

Alternative extraction-aiding technologies, such as microwave, ultrasound, enzymes,
and high-pressure homogenization, have been used to improve the isoflavone profile of
soymilk with interesting results [5,18–20]. Among novel extraction-aiding technologies,
pulsed electric fields (PEFs) at low field strength (1–10 kVcm−1) induce cell membrane
permeability, which can allow the recovery and an increase in the number of high-added-
value compounds from different matrices, resulting in products with potential functionality
and health-related benefits [21].

PEF technology consists of the application of pulsed electric field strengths of 1 to 80
kVcm−1 during short periods of time (microseconds to milliseconds) into a food matrix
placed between two electrodes [21,22]. Depending on the intensity of the treatment, it
could be classified in low- or moderate-intensity PEF (1–10 kVcm−1), medium-intensity
PEF (10–20 kVcm−1), or high-intensity PEF (20–40 kVcm−1). Low or moderate PEF has
been successfully applied to enhance the extraction of bioactive compounds from different
food matrices [21]. However, to the best of the authors’ knowledge, there is no information
about the use of low-intensity PEF processing to enhance the isoflavone profile in soymilk.
Hence, the aim of this research was to apply low-intensity PEF as an extraction-aiding
procedure in two different stages of soymilk processing—namely, (a) hydrated soybeans
(HSB) and (b) soybean slurry (SBS)—to evaluate its effect on the isoflavone profile and total
isoflavone content of resultant soymilk.

2. Materials and Methods
2.1. Soymilk Preparation Procedure

Soybeans (Glycine max) were purchased at Lleida, Spain, in a local market, and stored
at room temperature until they were used. The soymilk (SM) was prepared according
to the procedure established by Yeo and Liong [23] and Morales-de la Peña et al. [5].
Soybeans (100 g) were washed with tap water and soaked in distilled water (300 mL) at
room temperature (16 h). Hydrated soybeans (HSB) were drained and rinsed. Then, they
were milled with distilled water (400 mL) for 3 min in a blender (Explorian Series E310,
Vitamix, Olmsted Falls, OH, USA). After milling, a slurry (SMS) was obtained and filtered
through a four-layer cheesecloth to separate the liquid from the okara and obtain raw
soymilk (SM). A batch pasteurization process (60 ◦C, 30 min) was applied to the SM to
mainly inactivate the lipoxygenase enzyme. Immediately after processing, the SM was
cooled down (5 ± 1 ◦C), freeze-dried (0.024 mm Hg and −52 ◦C, Virtis FM 25 EL-85, SP
Scientific freeze dryer group, Warminster, PA, USA), and stored until isoflavone analysis.

2.2. Low-Intensity PEF Processing

A batch system equipped with a 0.1 µF capacitator (Physics International, San Leandro,
CA, USA), a TG-70 gas control unit, a pulse generator (PT-55, Pacific Atlantic Electronics
Inc., Incline Village, NV, USA), and a parallelepiped methacrylate treatment chamber
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(20 × 8 cm), with two stainless-steel parallel electrodes, was used for low-intensity PEF
treatments. Low-intensity PEF processing was applied in two steps of the SM preparation
procedure—HSB and SBS (Figure 1), resulting in two different SM systems for the study,
i.e., PEF-HSB and PEF-SBS, respectively, using the control system (CSM) as a reference.
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Figure 1. General soymilk (SM) preparation procedure with the application of low-intensity pulsed
electric fields (PEFs) in hydrated soybeans (HSB) and soybean slurry (SBS).

Low-intensity PEF processing was applied as follows: First, 100 g of HSB immersed in
tap water (1:4, HSB: water) and 100 mL of SBS were placed in the PEF treatment chamber,
applying 10, 55, and 100 monopolar exponential pulses (n) of 4 µs width at different
electric field strength (E) of 2, 6, and 10 kVcm−1, according to the experimental design
described below. Processing conditions were selected based on preliminary studies; data
are not shown. Initial (15–18 ◦C) and final (27–36 ◦C) temperatures were monitored with
a thermometer before and immediately after PEF processing, respectively. Immediately
after processing, the SM was obtained following the procedure described in Figure 1,
freeze-dried (0.024 mm Hg and −52 ◦C, Virtis FM 25 EL-85, SP Scientific freeze dryer group,
Warminster, PA, USA), and stored until isoflavone analysis.

2.3. Experimental Design

Minitab® software (version 19, Minitab Inc., State College, PA, USA) was used to
generate the experimental design. Low-intensity PEF parameters—n (10, 55, 100 pulses)
and E (2, 6, and 10 kVcm−1)—were selected as independent variables for the central
composite design, which consisted of 13 experimental runs (Table 1). All trials were
conducted in duplicate in each system. PEF-HSB and PEF-SBS were used to produce SM
samples following the procedure mentioned above (Figure 1). The total isoflavone content
(TIC) of the obtained SM samples, calculated by the sum of the individual isoflavone
concentrations, was selected as the response variable.
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Table 1. Experimental design for the application of low-intensity pulsed electric field processing.

Std Order Run Order Blocks E (kVcm−1) n

1 (A) 1 1 2 10
2 (B) 2 1 10 10
3 (C) 3 1 2 100
4 (D) 4 1 10 100
5 (E) 5 1 2 55
6 (F) 6 1 10 55
7 (G) 7 1 6 10
8 (H) 8 1 6 100
9 (I) 9 1 6 55

10 (J) 10 1 6 55
11 (K) 11 1 6 55
12 (L) 12 1 6 55
13 (M) 13 1 6 55

2.4. Isoflavone Extraction, Analysis, and Quantification

Isoflavones were extracted and analyzed following the procedure carried out by
Morales-de la Peña et al. [2], which quantified β-glucoside and aglycone forms. A portion
of 1 g of the freeze-dried SM was weighed into a set of 20 mL screw-top centrifuge tubes.
Then, 15 milliliters of 80% ethanol acidified with hydrochloric acid (1 M) was added to each
tube and slightly shaken. The tubes were incubated at 80 ◦C for 1 h. Then, samples were
cooled, shaken for 2 min, and centrifuged (12,000× g/4 ◦C/10 min). The supernatant was
separated into a 25 mL volumetric flask, and the residue was re-extracted with 7.5 mL of
ethanol (80%). The supernatant of the second extraction was combined with the previous
one into the volumetric flask and filled up with ethanol (80%). Then, the samples were
filtered using a 0.2 µm Millipore filter and kept at 4 ◦C prior to chromatographic analysis.

Isoflavone identification and quantification were conducted in an HPLC system (Wa-
ters, Milford, MA, USA) equipped with a 600 Controller, a 486 absorbance detector (200
to 350 nm), a thermostatic column compartment, and a 717 plus autosampler, with a
cooling system. An aliquot of 20 µL of the extract was injected into the HPLC system,
and the isoflavones separation was achieved in a C18 SunFire™ (3.5 µm) stainless steel
analytical column (150 × 3 mm) (Waters, Milford, MA, USA) connected with a C18 Sun-
Fire™ (5 µm) guard column. The mobile phase (0.3 mL/min) consisted of two eluents: (A)
water–methanol (80:20) and (B) water–methanol–acetonitrile (40:40:20). Gradient elution
was conducted to achieve the separation as follows: 0–25 min: 20% B; 25–52 min: 100%
B; 52–70 min: 20% B. Column temperature was controlled at 37 ◦C, while sample vials
were preserved at 4 ◦C on the autosampler. Each isoflavone was identified by comparison
of its retention time and UV–Vis spectra with those of the reference standards—daidzein
(Da), genistein (Ge), glycitein (Gly), daidzin (Din), genistin (Gin), and glycitin (Glyn), from
Sigma Aldrich, St. Louis, MO, USA. Their quantification was performed by integration of
the peak areas. Data were compared to calibration curves of each isoflavone, and results
are expressed as µg/g of SM (dry base).

2.5. Statistical Analysis

Treatments were carried out in duplicate and three replicates, and analyses were
conducted for each soymilk system: CSM, PEF-HSB, and PEF-SBS. The mean and standard
deviation values (mean ± SD) were estimated based on the obtained results. The statis-
tical difference between treatments was analyzed using a one-way analysis of variance
(ANOVA), followed by Tukey’s test. The confidence interval was set at 0.95. Statistical
analysis was performed using Minitab® software (version 19, Minitab Inc., State College,
PA, USA).



Beverages 2022, 8, 19 5 of 11

3. Results
3.1. Total Isoflavone Content and Profile of SM from Conventional Extraction Process

TIC and individual isoflavones of the soymilk obtained by the conventional extraction
process (CSM) are presented in Table 2. TIC of CSM (104 ± 1.22 µg/g) was within the range
of total isoflavone concentration reported for different soy products (50–20,000 µg/g) [24].

Table 2. Isoflavone content of control soymilk (CSM) obtained from conventional extraction process.

Isoflavone Concentration (µg/g)

Aglycone Da 14.0 ± 0.31
Ge 26.1 ± 1.44

Glucoside
Din 19.6 ± 0.39
Gin 44.3 ± 2.75

Total
TAC 40.1 ± 0.87
TGC 63.9 ± 1.89
TIC 104 ± 1.22

Da: daidzein, Ge: genistein, Din: daidzin, Gin: genistin, TAC: total aglycones content, TGC: total glucosides
content, TIC: total isoflavones content.

As can be inferred from the results, the glucoside forms Gin and Din represented 61.4%
of the TIC, while their respective aglycones, Ge and Da, corresponded to 38.6%. Further,
it can be observed that Gin was the most abundant isoflavone in the CSM, representing
42.5% of the TIC, followed by Ge (25.1%), Din (18.9%), and Da (13.5%). Glyn, and the
concentrations of its respective aglycone form, Gly, were below the detection limit (≈0.2%)
and considered negligible; therefore, these data are not shown.

3.2. Individual Isoflavone Content of SM from PEF-HSB and PEF-SBS

The effects of low-intensity PEF applied in two stages of the soymilk extraction pro-
cess (Figure 1) were evaluated in the individual isoflavone profile and TIC of the resultant
SM samples from the different extraction systems, PEF-HSB and PEF-SBS, using CSM as
reference. As seen in Figure 2, the application of low-intensity PEF at different treatment
conditions to the HSB caused a significant decrease (13.9–39.9%) in the concentration levels
of glucoside forms (Din and Gin) in the resultant SM samples, modifying the isoflavone
profile toward the aglycone forms (Da and Ge), which increased around 14.4–49.4%, com-
pared with the aglycone content of the CSM sample. Specifically, the concentration values
of Din and Gin diminished up to 49.8% and 40.1%, respectively, compared with the CSM
sample. The clearest effects were observed in the SM obtained from the HSB sample treated
at 2 kVcm−1/55 pulses (Treatment E, Din: 9.86 ± 0.27 µg/g) and 6 kVcm−1/100 pulses
(Treatment H, Gin: 26.5 ± 0.32 µg/g). On the other hand, the Ge content of the resultant
SM from PEF-HSB at the highest intensity level (D: 10 kVcm−1/100 pulses) was 64.4%
higher than that of the CSM sample (26.22 ± 1.44 µg/g). Interestingly, the concentration of
aglycone Da in the SM obtained from the HSB sample at different PEF processing conditions
did not present a clear trend. While in some treatments (E, F, I, J, K, L, M), Da content
significantly decreased around 9.4% and 21.7%, in other treatments, such as the D treatment
(10 kVcm−1/100 pulses), it increased in a significant way (21.5%), compared with the initial
value of the SM obtained by the conventional procedure (CSM: 14.02 ± 0.31 µg/g).
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Figure 2. Individual isoflavone content (µg/g) of soymilk prepared from PEF-HSB. * Indicates
significant difference (p < 0.05) between soymilk obtained by PEF-HSB at specific treatment conditions
and control soymilk. Ctrl: Soymilk obtained from conventional extraction process. A: E = 2 kV/cm,
n = 10; B: E = 10 kV/cm, n = 10; C: E = 2 kV/cm, n = 100; D: E = 10 kV/cm, n = 100; E: E = 2 kV/cm,
n = 55; F: E = 10 kV/cm, n = 55; G: E = 6 kV/cm, n = 10; H: E = 6 kV/cm, n = 100; I–M: E = 6 kV/cm,
n = 55.

Regarding the isoflavone profile of the SM samples prepared with PEF-SBS systems
(Figure 3), a possible interconversion from glucoside isoflavones to aglycones was ob-
served at all treatment conditions. While the concentration of glucosides Gin and Din
in the resultant SM sample from PEF-SBS significantly diminished between 18.5–52.6%
and 37.2–54.6%, respectively, the content of their respective aglycones increased up to
28.2–60.5% (Ge) and 9.0–55.8% (Da). Furthermore, from the results, it can be elucidated
that PEF processing at 6 kVcm−1 with 10 and 55 pulses applied in the SBS caused the
highest increase in the concentration of both aglycones in the obtained SM samples, reach-
ing values of 20.2 ± 0.95–21.9 ± 0.06 µg/g for Da and 40.0 ± 0.21–41.8 ± 0.66 µg/g for
Ge. These values are significantly higher than those observed in the CSM sample (Da:
14.02 ± 0.31 µg/g, Ge: 26.11 ± 1.44 µg/g), i.e., they are 0.5- and 0.6-fold more than the
values in the conventional SM.
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Figure 3. Individual isoflavone content (µg/g) of soymilk prepared from PEF-SBS. * Indicates
significant difference (p < 0.05) between soymilk obtained by PEF-SBS at specific conditions and
control soymilk. Ctrl: Soymilk obtained from conventional extraction process. A: E = 2 kV/cm,
n = 10; B: E = 10 kV/cm, n = 10; C: E = 2 kV/cm, n = 100; D: E = 10 kV/cm, n = 100; E: E = 2 kV/cm,
n = 55; F: E = 10 kV/cm, n = 55; G: E = 6 kV/cm, n = 10; H: E = 6 kV/cm, n = 100; I–M: E = 6 kV/cm,
n = 55.
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3.3. Total Isoflavone Content of SM from PEF-HSB and PEF-SBS

As a result of the changes in the content amount of individual isoflavones present
in soymilk samples prepared from PEF-processed HSB and SBS, their TIC (calculated by
the sum of Din, Gin, Da, and Ge content) also varied, compared with that of the CSM
sample (Table 3). The resultant SM prepared from PEF-HSB systems contained lower TIC,
regardless of the PEF treatment conditions, except in the SM prepared from PEF-HSB at the
highest intensity of 10 kVcm−1/100 pulses (109 ± 2.39 µg/g). In comparison, no significant
changes were observed in the TIC of SM prepared from PEF-SBS, or it slightly decreased.
Interestingly, when SBS was treated at 6 kVcm−1/10 pulses, the TIC of the resultant SM
was higher (110 ± 1.26 µg/g) than that observed in the CSM sample.

Table 3. Total isoflavone content (µg/g) of soymilk obtained from conventional extraction process
and hydrated soybean and soybean slurry processing with low-intensity pulsed electric field.

Treatment PEF-HSB PEF-SBS

Ctrl 104 ± 1.22 a

A 95.1 ± 0.53 b 103 ± 0.39 a

B 99.0 ± 0.33 b 100 ± 0.80 b

C 96.2 ± 1.15 b 103 ± 1.16 a

D 109 ± 2.39 c 104 ± 0.93 a

E 76.0 ± 0.63 d 86.0 ± 0.27 c

F 90.3 ± 0.84 e 80.5 ± 0.87 d

G 80.9 ± 1.18 f 110 ± 1.26 e

H 91.6 ± 0.38 g 104 ± 1.60 a

I 84.6 ± 1.12 h 101 ± 1.58 b

J 89.9 ± 2.09 g 95.1 ± 1.04 f

K 79.7 ± 0.51 f 90.8 ± 0.72 g

L 95.2 ± 1.03 b 106 ± 0.50 a

M 84.7 ± 0.86 h 106 ± 0.55 a

Values in the same column with different letter were significantly different (p < 0.05). PEF-HSB: low-intensity
pulsed electric field treated hydrated soybean system; PEF-SBS: low-intensity pulsed electric field treated soy-
bean slurry system; Ctrl: soymilk obtained from conventional extraction process; A: E = 2 kV/cm, n = 10; B:
E = 10 kV/cm, n = 10; C: E = 2 kV/cm, n = 100; D: E = 10 kV/cm, n = 100; E: E = 2 kV/cm, n = 55; F: E = 10 kV/cm,
n = 55; G: E = 6 kV/cm, n = 10; H: E = 6 kV/cm, n = 100; I–M: E = 6 kV/cm, n = 55.

4. Discussion

The TIC (76.0 ± 0.63–110 ± 1.26 µg/g) of the SM samples obtained from conventional
extraction method, as well as those from PEF-treated HSB and SBS at different processing
conditions, was within the range reported in previous studies for different soy products
(50–20,000 µg/g) [24]. It has been corroborated that soy-based food products have a wide
variation in their total isoflavone content, mainly depending on different factors such as
the soybean cultivar used for the formulation, the extraction method, preparation, and
preservation procedures, as well as storage time and conditions [14,25–27].

Among the content distribution of individual isoflavones of the CSM sample, it was
observed that glucoside forms were the most abundant, with Gin being the isoflavone
present at the highest concentration (Table 2). Kao et al. [17] and Xu and Chang [28]
reported that malonyl-glucoside forms are the main isoflavones in raw soymilk; however,
after thermal processing, they are transformed to their glucoside forms. In this sense, the
pasteurization step carried out at the end of the SM production process may cause the
hydrolysis of ester bonds of the malonyl-glucoside forms, resulting in a higher content of
the glucosides, especially Gin. In addition, other investigations have also demonstrated
that soymilk had a higher concentration of glucosides than aglycone isoflavones, with Gin
as the most abundant compound [25,28,29]. Consistently, in a previous study conducted
by our research group [5], it was proved that glucoside conjugated forms represented
approximately 87% of the total isoflavone content of the SM sample obtained by the same
procedure used in this research.
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The application of low-intensity PEF to HSB or SBS to prepare soymilk induced sig-
nificant changes in the isoflavone profile of the resultant SM samples, regardless of the
treatment conditions (Figures 2 and 3). Nonetheless, SM samples prepared from PEF-SBS
presented higher concentration levels of aglycones than those extracted from PEF-HSB.
To the best of the authors’ knowledge, this is the first study evaluating the effects of
low-intensity PEF processing applied as an extraction-aiding treatment to modify the
isoflavone profile of SM. Usually, PEF technology has been only applied at high intensi-
ties (20–40 kVcm−1) as a nonthermal preservation method of soymilk or soymilk-mixed
beverages. Moreover, only a few studies have evaluated the impact of high-intensity
pulsed electric fields (HIPEFs) on the isoflavone profile and content of soy-based products.
Specifically, Rodríguez-Roque et al. [30] observed that HIPEF processing (4 µs square-
bipolar pulses at 35 kVcm−1, 200 Hz and 2000 µs) applied to a soymilk-mixed beverage
led to a significant increase in its content of Gin and Din isoflavones (9–25%), and only
a slight increase in Da concentration (2%). According to the authors [30], this increase
could be due to the electroporation effects that occurred during HIPEF processing, which
facilitates the extractability of isoflavones from the food matrix. Contrarily to our results,
the observed increase in aglycones concentration in the SM extracted from PEF-treated
HSB or SBS might not be related to the electroporation effects of PEF at low intensities
(2–10 kVcm−1) but to the interconversion reactions of glucosides forms to aglycones. In
this regard, different authors have stated that some reactions such as decarboxylation,
de-esterification, or de-glycosylation of isoflavones could occur in soy-based products
depending on processing and storage conditions, as well as the molecular configuration
present in the raw material [17,31–33].

Although no application of low-intensity PEF has been evaluated before for isoflavone
profile modification in soymilk, other extraction-aiding technologies such as ultrasound
and high hydrostatic pressures have been investigated with the same purpose [13]. Specif-
ically, Morales-de la Peña et al. [5] applied ultrasound processing to hydrated soybeans
and soybean slurry at different conditions, reporting that the aglycones isoflavones con-
centration of the SM samples obtained from sonicated hydrated soybeans or soybean
slurry significantly increased to 90–131% and 19.6–59%, respectively. Likewise, Fahmi
et al. [34] observed that soymilk extracted from ultrasound processed soybean slurry at
35 and 150 kHz had a higher concentration of glycosides and aglycone isoflavones than
that obtained from a traditional extraction process. The modification in the isoflavone
profile of SM prepared from sonicated soybeans or soybean slurry was attributed to the
cavitation phenomena, which might induce the release of isoflavones from intracellular
tissues or the interconversion of malonyl-Din to Din, and of β-glucosides to aglycones [5].
Interestingly, Jung et al. [16] applied high hydrostatic pressure processing to hydrated
soybeans (100–750 MPa) and soymilk (400–750 MPa; 25 and 75 ◦C) and evaluated the
treatment effects on isoflavone profile. The authors observed that the isoflavone profile
of the SM prepared from pressurized hydrated-soybeans remained with no significant
changes compared to the standard soymilk. However, when soymilk was processed by
a combination of high pressure (750 MPa) and moderate-temperature thermal treatment
(75 ◦C), its isoflavone distribution changed, shifting the malonyl-glucosides structures
toward β-glucosides. These results suggest that high-pressure levels combined with moder-
ate temperatures had a synergistic effect and promoted the interconversion of the malonyl
isoflavones to glucosides forms due to adiabatic heating.

Interconversion reactions among glucoside isoflavones to aglycones have been mainly
attributed to the action of the β-glucosidase (β-Glu) enzyme, which is known to convert
glucosides to free aglycones [35]. Xu et al. [36] and Otieno et al. [37] reported that the
presence of β-Glu enzymes in different soy derivatives was the main cause for the reduction
in glucoside content. Interestingly, Aguiló-Aguayo et al. [38] demonstrated that PEF
processing with monopolar pulses at 35 kVcm−1 induced a rise above the initial values
in β-Glu activity present in raw strawberry juices. Therefore, it may be possible that low-
intensity PEF processing at the PEF assayed conditions in the soybean systems (HSB or
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SBS) enhanced the endogenous β-Glu enzyme activity, which led to hydrolysis reactions
and breakdown of the conjugated isoflavones (Gin and Din), thus obtaining aglycone-rich
SM samples with better functionality. Nevertheless, there is a need for more in-depth
research to provide evidence of enzyme activity of the food matrix after low-intensity
PEF processing.

Regarding the analysis of TIC of SM samples prepared from different soybean systems,
it was observed that SM samples extracted from PEF-HSB presented significantly lower
total isoflavone concentration than that of CSM. This effect could be associated with the
electroporation effect that occurred during the processing of HSB, leading to cell mem-
brane permeabilization and a release of intracellular polyphenolic compounds, including
isoflavones, into the soaking water in which the HSB samples were treated. It has been
reported that plant cell permeabilization improves the mass transfer, facilitating the extrac-
tion of plant metabolites [22,39]. Since soaking water was discarded after PEF processing,
some isoflavones molecules could be transferred there, resulting in SM samples with lower
concentrations. These results confirm the observations of other authors that reported a
higher extraction of polyphenols in PEF-treated grape skins at 5 and 10 kVcm−1 used
during Tempranillo grape vinification [40]. On the other hand, the application of PEF in
the SBS system caused no significant changes or a decrease in the TIC of the SM samples at
most treatment conditions, except in the SM prepared from PEF-treated SBS with 10 pulses
at 6 kVcm−1. At these processing conditions, the obtained SM had the highest level of TIC
(110 ± 1.26 µg/g), compared with CSM and the SM sample obtained from PEF-HSB. This
increase might be associated with the β-Glu enzyme activity, which could be more affected
by these processing conditions, inducing interconversion reactions between malonyl- and
acetyl-β-glucosides to glucosides and aglycones.

5. Conclusions

The application of low-intensity PEF as extraction-aiding technology during the
soymilk manufacturing process induced interconversion reactions of glucosides forms
to aglycones, regardless of whether the system in which the PEF processing was applied
was HSB or SBS. Furthermore, β-glucosidase enzyme activity might be increased during
PEF processing of HSB and SBS causing hydrolysis of malonyl- and acetyl structures and
increasing the aglycones and total isoflavone content. Low-intensity PEF treatment applied
in SBS caused a higher content of Da and Ge in the resultant soymilk than its application in
the SBS. Hence, the food matrix has a significant impact on the low-intensity PEF processing
effects. The integration of novel treatments such as low-intensity PEF during the soymilk ex-
traction process seems to be an interesting way to increase the aglycone content, enhancing
its functionality and potential health benefits. Further research is recommended to better
understand the interconversion reaction among isoflavones and related enzymes’ activity.
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