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counterparts. This mini-review examines how food processing technologies reshape
soy isoflavone profiles, focusing on technological strategies that promote the
conversion of conjugated forms into aglycones. The chemical and biochemical
mechanisms underlying isoflavone interconversion are discussed, emphasizing the
roles of B-glucosidase activity, temperature, pH, water availability, and matrix
structure in modulating conversion efficiency. Solid-state and submerged
fermentations consistently emerge as the most effective approaches for aglycone
enrichment, although outcomes remain strain- and substrate-dependent. In contrast,
thermal processing primarily drives interconversion among conjugated forms
through decarboxylation and deesterification, with significant aglycone formation
occurring only when mild pre-heating conditions transiently preserve endogenous
enzymatic activity. Emerging non-thermal technologies, including ultrasound,
pulsed electric fields, and high hydrostatic pressure, enhance matrix permeability
and enzyme—substrate interactions, enabling controlled modulation of isoflavone
profiles while minimizing nutritional and sensory losses. Overall, integrating
fermentation, controlled hydration, and process-intensification strategies represents
a rational pathway to design soy-based products with enhanced aglycone content
and improved bioaccessibility, supporting the development of functional foods with
greater health-promoting potential.
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1. Introduction

Soybean (Glycine max (L.) Merrill) is one of the most widely produced and consumed legumes worldwide,
playing a central role in global food systems and industrial processing chains. Beyond its high protein content,
soybeans are the primary dietary source of isoflavones, bioactive phenolic compounds that have been extensively
investigated for their physiological and health-related effects. In raw soybeans, isoflavones occur predominantly
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as B-glucosides and malonyl- and acetyl-glucosides, chemical forms that directly influence their stability,
bioaccessibility, and intestinal absorption [1-3].

Among these compounds, the aglycones (genistein, daidzein, and glycitein) share structural similarity with
17B-estradiol, enabling their interaction with estrogen receptors and modulation of estrogen-responsive pathways.
Experimental and epidemiological studies associate isoflavone intake with antioxidant and anti-inflammatory
effects, regulation of lipid and glucose metabolism, and reduced risk of chronic conditions such as cardiovascular
diseases, type 2 diabetes, osteoporosis, and hormone-related disorders [4-6]. Importantly, these biological
outcomes depend not only on total intake but also on the chemical form consumed, as aglycones generally display
higher intestinal bioavailability than their glycosylated counterparts. Therefore, aglycone enrichment is not only
relevant from a nutritional standpoint but also represents an important technological objective in the development
of soy-based foods and ingredients. Processing strategies that can modulate isoflavone profiles offer opportunities
to enhance the functional value of soybean-derived products through the controlled bioconversion of conjugated
forms [3,7].

Conversion of conjugated isoflavones into aglycones may occur in vivo through intestinal microbiota
activity; however, technological interventions applied during food processing can preemptively modulate this
conversion [8,9]. Processing operations such as soaking, fermentation, thermal treatments, and emerging non-
thermal technologies induce chemical and enzymatic transformations that reshape isoflavone profiles in soy-based
products [10—14]. While previous reviews have addressed nutritional and clinical aspects of soy isoflavones, fewer
studies have systematically examined how specific processing parameters govern structural interconversion among
conjugated and aglycone forms. This review aims to examine food processing technologies applied to soy-based
foods and ingredients and their effects on modifying the isoflavone profile. The approach focuses primarily on the
conversion mechanisms and technological factors governing aglycone formation, while bioaccessibility outcomes
are discussed when they are directly associated with processing-induced changes.

In this context, this mini-review critically evaluates how food processing technologies drive the conversion
of conjugated isoflavones to aglycones in soybean matrices. By integrating mechanistic insights with technological
considerations, this work aims to clarify process—isoflavone profile relationships and to support the design of soy-
based foods with optimized isoflavone profiles and enhanced functional potential.

2. Chemical and Biochemical Bases of the Conversion of Glycosylated Isoflavones into Aglycones

Isoflavones constitute one of the major classes of secondary metabolites, specifically phenolic compounds,
found in soybeans and their derivatives (Glycine max L.), chemically classified as flavonoid polyphenols. Their
core structure is based on the 3-phenylchromone skeleton (Figure 1), which supports structural diversification
through glycosylation and acylation reactions [15,16]. In soy matrices, isoflavones occur in twelve principal
chemical forms grouped into four categories: aglycones (daidzein, genistein, glycitein), B-glucosides (daidzin,
genistin, glycitin), acetylglucosides (6"”-O-acetyldaidzin, 6"-O-acetylgenistin, and 6"-O-acetylglycitin), and
malonylglucosides (6”-O-malonyldaidzin, 6”-O-malonylgenistin, and 6”-O-malonylglycitin) [3,16—18].

In raw soybeans, malonylglucosides and B-glucosides predominate, whereas aglycones typically account for
less than 5% of total isoflavones. This distribution is technologically relevant because aglycones exhibit greater
membrane permeability and intestinal absorption, largely explaining their higher bioavailability and biological
activity [17,19,20]. Consequently, processing-induced structural conversion becomes a key strategy for
modulating functional value [3,18,20].

Isoflavone interconversion occurs through both chemical and enzymatic pathways. Specifically, chemical
interconversion refers to non-enzymatic transformations among conjugated species, such as the thermal
deesterification of malonylglucosides into f-glucosides [1,17,21]. Enzymatic deglycosylation involves the hydrolytic
cleavage of the B-glycosidic linkage by B-glucosidases, thereby liberating free bioactive aglycones [1,22-24]. Lastly,
secondary transformations and degradation encompass the irreversible alteration, ring-cleavage, or environmental
leaching of the core flavone skeleton under excessive thermal severity or high fluid volumes, leading to a net reduction
in total isoflavone content [1,21,25]. Thermal processing primarily drives non-enzymatic transformations among
conjugated forms, following the general sequence malonylglucosides — acetylglucosides — [-glucosides via
decarboxylation and deesterification reactions (Figure 2) [13,16-18]. Direct hydrolysis of B-glucosides into
aglycones, however, is mainly catalyzed by B-glucosidase (EC 3.2.1.21), which cleaves B-D-glycosidic bonds and
releases free aglycones and glucose [22,26]. Severe thermal or chemical conditions may promote non-specific
glycosidic cleavage, but such treatments often compromise aglycone stability and generate undesirable by-products.
Consequently, desirable conversion pathways and undesirable degradation or leaching reactions take place
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competitively, with the kinetic balance shifting dynamically as a function of process severity, exposure time, and
solvent volume [1,16,17,25,27].

OHE

¥
1",
'

1«— Aglycones ————

OH?
OH

Group Isoflavone R4 R, Rs
Daidzein -H -H -

Aglycones Genistein -OH -H -
Glycitein -H -OCH; -
Daidzin -H -H -H

f-glucosides Genistin -OH -H -H
Glycitin -H  -OCH; -H
6"-0-acetyldaidzin -H -H -COCH;

Acetylglucosides 6"-O-acetylgenistin -OH -H -COCH;
6"-O-acetylglycitin -H -OCHj; -COCH;
6"-O-malonyldaidzin -H -H -COCH>COOH

Malonylglucosides  6"-O-malonylgenistin ~ -OH -H -COCH>COOH
6"-O-malonylglycitin -H  -OCH; -COCH,COOH

Figure 1. Chemical structures of the twelve main soy isoflavones, comparing their four structural groups based on
specific substituent positions (Ri1, Rz, R3): free aglycones, 7-O-B-glucosides, 7-O-(6"-O-acetyl-p-glucosides), and
7-0-(6"-O-malonyl-B-glucosides).

Both endogenous soybean enzymes and microbial B-glucosidases contribute to deglycosylation during
processing [22,26]. Microbial enzymes generally provide greater operational robustness and broader pH—
temperature tolerance, explaining the high conversion efficiency observed during fermentation [26,28,29]. Beyond
isoflavones, B-glucosidase activity may also liberate other bound phenolics, further influencing antioxidant
potential [30,31].
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Figure 2. Chemical structures of the major isoflavone conjugates (malonyl glucosides, acetyl glucosides, and -

glucosides) and their enzymatic and non-enzymatic conversion pathways to aglycones.

Processing parameters modulate the balance between chemical interconversion and enzymatic hydrolysis.
The primary factors governing this equilibrium include temperature, pH, water availability (including the seed-to-
water ratio), and substrate accessibility within the food matrix, as these variables collectively influence reaction
thermodynamics, mass transfer, substrate hydration, and enzyme activity [1,13,22,23]. Temperature governs
reaction kinetics and enzyme stability, with mild hydrothermal treatments and fermentation favoring aglycone
formation, whereas high-temperature, low-moisture operations such as extrusion, predominantly promote
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conjugate rearrangement due to rapid enzyme inactivation [13,18]. Similarly, pH affects both ester hydrolysis and
B-glucosidase activity, shaping conversion efficiency [23,29].

Matrix characteristics further determine the accessibility and conversion efficiency of conjugated isoflavone
substrates [24,31]. Liquid systems such as soymilk facilitate mass transfer and enzyme—substrate contact, while
solid matrices require controlled moisture to sustain enzymatic mobility [9,22]. In solid matrices and by-products
such as okara and defatted soybean flour, biotransformation strategies enable the valorization of industrial residues
into aglycone-rich functional ingredients, contributing to circular economy approaches in soybean processing
[18,30,32]. Finally, water availability plays a central role in enzymatic mobility and microbial metabolism during
fermentation-based processes, with controlled moisture levels being critical for efficient deglycosylation in solid
matrices. Protein—isoflavone interactions, glucose accumulation, and structural barriers may limit conversion
unless process conditions are optimized. The efficiency of isoflavone bioconversion can be constrained by multiple
factors, including binding-related protein—isoflavone interactions, inhibitory effects arising from glucose
accumulation, and diffusional resistance imposed by structural barriers, underscoring the importance of optimizing
processing conditions to enhance conversion yields [13,22,25]. Importantly, prior biotransformation enhances
aglycone bioaccessibility during gastrointestinal digestion, reinforcing the relevance of processing-driven
structural modulation [9,31,33].

3. Soy Food Processing Technologies and Their Effects on Isoflavone Profile Alteration

Food processing technologies influence the chemical profile of soybean isoflavones through distinct
physicochemical and biochemical mechanisms. Depending on the processing conditions, these technologies may
promote enzymatic deglycosylation, chemical interconversion among conjugated forms, or increased accessibility
of substrates within the food matrix. Among the available approaches, fermentation processes generally promote
the most extensive conversion of glycosylated isoflavones into aglycones, whereas thermal and emerging non-
thermal technologies tend to induce partial conversion or structural rearrangements. A schematic overview of the
main processing technologies and their general effects on isoflavone deglycosylation is presented in Figure 3.

To facilitate comparison among the different processing approaches, each technology discussed in the
following sections will be evaluated according to four key aspects: the underlying mechanism responsible for
isoflavone bioconversion, the main conversion outcomes achieved, particularly regarding aglycone formation, the
critical process variables influencing conversion efficiency, and the major limitations associated with industrial
application and process scalability.

Solid-State Fermentation -

« Soy flour, soybean meal and okara

- Filamentous fungi and lactic acid bacteria ,
« Moisture: 40-70% Highest

. 28-40 °C for 24-72 h deglycosylation

efficiency
™ B-glucosidase I
FOOD PROCESSING (O Submerged Fermentation P 1
TECHNOLOGIES « Soymilk and okara 8
1 « Lactic acid bacteria Aglycones T
» Inoculum: 1-5% (v/v)
« 30-37°Cfor 12-72 h
() Thermal Processing )
. Soybean, soymilk and soy flour Limited :
. Soaking, pasteurization, UHT or extrusion szl iy
. 55-150 °C (variable time) i

.« Partial activation

—  of endogenous
O 5 (O Emerging Non-Thermal Technologies B-glucosidase
/
Oy + Soymilk and soybean flour . Instability of
o O . Ultrasound: 20-40 kHz, 24-50 W cm™, 3—15 min anolyl- o
+ High Hydrostatic Pressure: 500 MPa, 10 min malonylglucosides

oy + Pulsed electric fields: 35 kV cm, 200 Hz, 1800 ps

Figure 3. Comparison of solid-state fermentation, submerged fermentation, thermal processing and emerging non-
thermal technologies regarding their operating characteristics and relative efficiency for isoflavone deglycosylation.
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The following sections discuss the main characteristics of each processing approach and their reported effects
on isoflavone profile alteration.

3.1. Solid-State Fermentation

Solid-state fermentation (SSF) involves microbial growth on solid substrates under low water activity, in
which the matrix serves simultaneously as physical support and nutrient source. This configuration resembles
traditional grain-based fermentations and has been widely applied to soybean matrices to modulate bioactive
compound profiles, particularly isoflavones [34-36]. SSF operates under heterogeneous microenvironments
characterized by gradients of moisture, oxygen, and temperature, which directly influence microbial metabolism
and enzymatic expression, potentially enabling biotransformation pathways not typically observed in liquid
fermentations. Fungal and bacterial SSF differ not only in microbial physiology but also in their bioconversion
performance. Fungal fermentations are often associated with the secretion of a broad range of extracellular
enzymes, including cellulases, hemicellulases, proteases, and [-glucosidases, which promote extensive
modification of the soybean matrix and facilitate the release of bound bioactive compounds [37]. In contrast,
bacterial fermentations, particularly those involving lactic acid bacteria, contribute to isoflavone bioconversion
through specific enzymatic activities, such as p-glucosidase production, as well as acidification effects that
enhance the conversion of glucosides into aglycones. Consequently, fungal SSF is generally associated with
greater substrate deconstruction, whereas bacterial SSF is more closely related to targeted biochemical
transformations that improve the bioavailability of phytochemicals [38,39].

Across diverse matrices and microbial systems, SSF consistently promotes the conversion of glycosylated
isoflavones into aglycones, leading to marked increases in the fraction of biologically more available forms. As
summarized in Table 1, substantial depletion of B-glucosides and concomitant accumulation of aglycones have
been reported in whole soybean flour, defatted flour, okara, and intact grains under various fermentative conditions
[34-36,40,41]. These convergent findings position SSF as one of the most effective technological strategies for
driving the transition from conjugated forms to aglycones in solid soy matrices.

Filamentous fungi and lactic acid bacteria are the predominant microbial groups employed in SSF, with
conversion efficiency largely determined by strain-specific B-glucosidase production and invasive growth
capacity. Fungal systems, particularly those based on Monascus purpureus and Aspergillus oryzae, are
characterized by extensive extracellular enzyme secretion and hyphal penetration into the substrate, enhancing
enzyme—substrate contact and aglycone accumulation. Bacterial SSF, including systems based on Bifidobacterium
longum, also achieves substantial conversion, frequently facilitated by localized acidification that favors enzymatic
hydrolysis [34,41,42]. Nevertheless, the magnitude of aglycone enrichment remains strongly matrix- and
condition-dependent, reinforcing the need for rational strain selection and precise processing conditions control.

Process parameters critically modulate SSF performance. Substrate moisture governs enzymatic mobility and
oxygen diffusion within the fermentative bed, with intermediate moisture levels generally maximizing aglycone
yield [41]. Matrix structure further influences substrate accessibility, explaining the variability observed among
whole soybean flour, defatted flour, okara, and intact grains [34-36,40]. Fermentation time defines optimal
conversion windows; prolonged incubation may lead to stabilization, secondary modification, or partial
degradation of free aglycones [40]. Notably, fungal SSF systems frequently generate not only aglycones but also
structurally modified derivatives, suggesting that SSF may expand the diversity of free isoflavones beyond simple
deglycosylation [35].

From a technological perspective, SSF offers advantages, including reduced water consumption and low
effluent generation. However, industrial-scale implementation remains challenging due to difficulties in
controlling bed homogeneity, heat and oxygen transfer, fine moisture regulation, and real-time monitoring of
enzymatic activity in dense substrates [40,41]. Furthermore, incomplete quantification of malonyl- and
acetylglucoside intermediates in several SSF studies limits a comprehensive understanding of intermediate
conversion pathways and reaction kinetics.

Despite the advances in SSF research, direct comparison among studies remains challenging due to
differences in substrate heterogeneity, moisture basis, inoculum preparation, and reporting practices. Variations in
the expression of process parameters and response variables may significantly affect the interpretation of
fermentation performance and reaction kinetics, highlighting the need for greater methodological standardization
across studies [38,39].
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Table 1. Effect of solid-state fermentation on the isoflavone profile of soy-based foods.

Isoflavone Concentration before

Isoflavone Concentration after

Soy Product Microorganisms Processing Conditions . . References
Processing Processing
B-glucosides: 80.5 mg/100 g B-glucosides: 10.2 mg/100 g
Whole soybean . . Fermentation: 42 °C for 24 h— Aglycones: 10.1 mg/100 g Aglycones: 72.9 mg/100 g
flour Lactobacillus casei 72 h Malonylglucosides: 19.2 mg/100 g Malonylglucosides: 13.1 mg/100 g [36]
Acetylglucosides: 24.3 mg/100 g Acetylglucosides: 13.9 mg/100 g
Inoculum: 4% (v/iw) B-glucosides: not investigated B-glucosides: not investigated
. . Moisture: 50, 55, 65, 75, 80%  Aglycones: 20 mg/100 g Aglycones: 56 mg/100 g
Soybean Meal - Bifidobacterium longum Temperature: 31, 33,37,41,  Malonylglucosides: not investigated Malonylglucosides: not investigated [41]
43 °C Acetylglucosides: not investigated ~ Acetylglucosides: not investigated
B-glucosides: 205.7 mg/100 g B-glucosides: not detected
o Aglycones: not detected Aglycones: 228.9 mg/100 g
Okara Monascus purpureus 30°C for 25 days Malonylglucosides: not investigated Malonylglucosides: not investigated [42]
Acetylglucosides: not investigated ~ Acetylglucosides: not investigated
B-glucosides: 168.5 mg/100 g B-glucosides: 51.1 mg/100 g
) . Inoculum: 5% (v/iw) Aglycones: 15.4 mg/100 g Aglycones: 144.6 mg/100 g
Soybean Eurotium cristatum 28 °C for 15 days Malonylglucosides: not investigated Malonylglucosides: not investigated [40]
Acetylglucosides: not investigated ~ Acetylglucosides: not investigated
B-glucosides: 109.3 mg/100 g B-glucosides: 23.9 mg/100 g
Defatted o Aglycones: 15.5 mg/100 g Aglycones: 78.2 mg/100 g
soybean flour Monascus purpureus 30°C for 48 h, pH 6.0 Malonylglucosides: 47.7 mg/100 g  Malonylglucosides: 53.7 mg/100 g [34]
Acetylglucosides: 24.9 mg/100 g Acetylglucosides: 5.4 mg/100 g
B-glucosides: 107.8 mg/100 g B-glucosides: 71.8 mg/100 g
Defatted . o Aglycones: 20 mg/100 g Aglycones: 36.2 mg/100 g
soybean flour Aspergillus oryzae 30°C for 48 h, pH 6.0 Malonylglucosides: 68.4 mg/100 g  Malonylglucosides: 67 mg/100 g [34]
Acetylglucosides: 22.1 mg/100 g Acetylglucosides: 18.1 mg/100 g
B-glucosides: not investigated B-glucosides: not investigated
. o Aglycones: not investigated Aglycones: 311 mg/100 g
Okara Saccharomyces cerevisiae = 28 °C for 72 h Malonylglucosides: not investigated Malonylglucosides: not investigated [43]
Acetylglucosides: not investigated  Acetylglucosides: not investigated
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3.2. Submerged Fermentation

Submerged fermentation (SmF) is a liquid-based process conducted in nutrient-rich media under controlled
conditions of temperature, pH, aeration, and agitation, enabling homogeneous systems and scalable production of
microbial metabolites [44—46]. Owing to its high water activity, SmF enhances microbial growth and enzymatic
mobility, making it the predominant fermentation mode for liquid soy matrices, particularly soymilk. Furthermore,
the homogeneous mass transfer and more uniform enzyme—substrate contact provided by liquid media enhance
substrate accessibility, favoring efficient B-glucosidase-catalyzed hydrolysis of isoflavone glucosides into
aglycones [44,45].

Across different studies, SmF consistently drives the conversion of glycosylated isoflavones into aglycones
(Table 2), primarily through microbial B-glucosidase activity. Fermentations conducted with lactic acid bacteria
and bifidobacteria in soymilk and soy residues report substantial reductions in B-glucosides accompanied by
significant increases in daidzein, genistein, and glycitein levels [32,47-50]. These findings confirm SmF as a
robust technological strategy for reshaping isoflavone profiles in liquid soybean-based substrates.

Conversion efficiency, however, is strongly strain-dependent. Lactic acid bacteria such as Limosilactobacillus
fermentum, Levilactobacillus brevis, Lacticaseibacillus rhamnosus, and Lactobacillus delbrueckii subsp. bulgaricus
exhibit markedly different B-glucosidase activities, resulting in variable aglycone yields [47,48,51]. Effective strain
screening is therefore critical, as not all fermentative cultures possess sufficient enzymatic capacity for efficient
deglycosylation. Moreover, interactions between microbial metabolism and matrix composition modulate enzyme
expression and catalytic performance, ultimately determining the final isoflavone profile.

Soymilk represents the most extensively investigated substrate due to its low viscosity and high substrate
accessibility. Under optimized conditions, fermentation with selected lactic acid bacteria can achieve near-
complete conversion of B-glucosides into aglycones, with concurrent increases in antioxidant activity and
bioaccessibility [48,49,51]. Therefore, aglycone enrichment is not only relevant from a nutritional standpoint but
also represents an important technological objective in the development of soy-based foods and ingredients.
Processing strategies capable of modulating isoflavone profiles provide opportunities to enhance the functional
value of soybean-derived products through controlled bioconversion of conjugated forms [3,7]. Mixed microbial
consortia, such as kefir and kombucha cultures, frequently outperform single strains, likely due to complementary
enzymatic systems and synergistic metabolic interactions [49,52,53].

Recent strategies have focused on intensifying SmF-driven bioconversion. Adaptive laboratory evolution of
Lacticaseibacillus gasseri enhanced B-glucosidase activity and aglycone production from soybean germ extract,
illustrating the potential of strain engineering to optimize processing outcomes [54]. Similarly, fungal SmF with
Ganoderma lucidum promoted complete depletion of B-glucosides and accumulation of aglycones, accompanied
by the formation of hydroxyisoflavones, indicating that submerged systems may induce structural diversification
beyond simple deglycosylation [35].

Process integration strategies further enhance SmF performance. The combination of microbial fermentation
with plant-derived B-glucosidases or auxiliary enzymes such as tannase significantly increases aglycone yields
compared with fermentation alone [50,55]. Pre-germination of soybeans prior to fermentation activates
endogenous enzymes and improves substrate accessibility, accelerating glucoside hydrolysis and aglycone
accumulation during SmF [47].

From a technological perspective, SmF offers superior operational control and reproducibility, facilitating
optimization under well-defined pH, temperature, and aeration conditions. However, large-scale application
presents challenges related to contamination risk, effluent management, and downstream processing, particularly
when aglycones are targeted as purified ingredients rather than components of fermented foods. Additionally, as
observed in SSF systems, incomplete quantification of malonyl- and acetylglucosides in several studies limits full
elucidation of intermediate conversion pathways, and the formation and biological relevance of
hydroxyisoflavones remain insufficiently characterized.
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Table 2. Effect of submerged fermentation on the isoflavone profile of soy-based foods.

Isoflavone Concentration before

Isoflavone Concentration after

Soy Product Microorganisms Processing Conditions . . References
Processing Processing
B-glucosides: 63 mg/100 g B-glucosides: 13.7 mg/100 g
T . Ao Aglycones: 70.7 mg/100 g Aglycones: 82.5 mg/100 g
Okara in liquid medium L. fermentum 44197 - Fermentation: 37 °C for 24 h Malonylglucosides: not investigated Malonylglucosides: not investigated [32]
Acetylglucosides: not investigated Acetylglucosides: not investigated
B-glucosides: 106.3 mg/100 g B-glucosides: 5.4 mg/100 g
Soymilk due to . . Ao Aglycones: 8.1 mg/100 g Aglycones: 49.1 mg/100 g
sprouting of soybean L. brevis KCTC 3320 Fermentation: 30 °C for 72 h Malonylglucosides: not investigated Malonylglucosides: not investigated [47]
Acetylglucosides: not investigated Acetylglucosides: not investigated
B-glucosides: 260 mg/100 g B-glucosides: not detected
Soybean embryo . Inoculum: 5% (v/v). Fermentation at ~ Aglycones: 140 mg/100 g Aglycones: 220 mg/100 g
homogenate Ganoderma lucidum 26 °C for 7 days, and 120 rpm Malonylglucosides: not investigated Malonylglucosides: not investigated [33]
Acetylglucosides: not investigated Acetylglucosides: not investigated
Mlx_ed cglture of. Tnoculum: 4.2% (v/v). Fermentation: ﬁ-glucosui?s: 33.7mg/100 g B-glucosuiﬁ:s: not detected
. lactic acid bacteria o . AT Aglycones: 5.4 mg/100 g Aglycones: 35.9 mg/100 g
Soymilk 32 °C until 48 h, with indirect shock o - . . . . [49]
(LAB) and kombucha entilation every 2 h for 5 min Malonylglucosides: not investigated Malonylglucosides: not investigated
bacteria. v very Acetylglucosides: not investigated Acetylglucosides: not investigated
B-glucosides: 1.4 mg/100 g B-glucosides: 1 mg/100 g
. Inoculum: 105 CFU/mL. Aglycones: 0.4 mg/100 g Aglycones: 1.1 mg/100 g
Soymilk L. plantarum CQPCO1 Fermentation: 37 °C for 12 h Malonylglucosides: not investigated Malonylglucosides: not investigated [48]
Acetylglucosides: not investigated Acetylglucosides: not investigated
Inoculum: 1% (v/v). Fermentation: 37 /B\_ gll usgzle(iﬁ: ;inm;gl/(l)(?O & g_ gll ucc(())sle(:jcslz 43'26r;n%/110%0 &
Soymilk L. bulgaricus MB153  °C, 50 rpm for 24 h under anaerobic £y - g. & . £y Co g & [50]
conditions Malonylglucqmdes. not 1nve§t1gated Malonylglucgmdes. not 1nve§t1gated
Acetylglucosides: not investigated Acetylglucosides: not investigated
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3.3. Thermal Processing of Soybean Matrices and Isoflavone Modulation

Thermal processing is a cornerstone of food technology, widely applied to ensure microbial safety, enzyme
inactivation, and sensory stabilization, while simultaneously inducing chemical transformations in food matrices.
In soybean-based products, thermal treatments consistently reshape isoflavone profiles, with the magnitude and
direction of these changes strongly dependent on temperature severity, time, and moisture conditions [13,56].
Among the different isoflavone forms, malonylglucosides are the most thermolabile and are preferentially
converted into acetylglucosides and B-glucosides, whereas aglycones generally represent a smaller fraction and
are less responsive to heat alone [13,57]. Representative processing conditions and their compositional effects are
summarized in Table 3. However, thermal processing does not necessarily result in aglycone enrichment, as its
primary effect is often the redistribution of isoflavones among malonyl-, acetyl-, and B-glucoside conjugates
through temperature-induced interconversion reactions [13,58].

Hydrothermal processing, which involves soaking and heating in aqueous systems, is commonly employed
during the manufacture of soymilk, tofu, and fermented soy products. Under controlled hydration and moderate
temperatures, endogenous f-glucosidases may remain transiently active, promoting hydrolysis of B-glucosides into
aglycones, while malonylglucosides undergo thermal decarboxylation to acetyl derivatives [1,23,59]. Water
availability is a critical determinant of isoflavone fate: excessive hydration may favor leaching losses, whereas
controlled water ratios combined with mild pre-incubation enhance aglycone formation while preserving total
isoflavone content [23,59]. Hydrothermal treatments that integrate limited water, moderate incubation, and short
high-temperature steps therefore represent a cost-effective strategy to exploit endogenous enzymatic activity before
inactivation, yielding profiles enriched in aglycones and p-glucosides with reduced malonylglucosides [1,52]. Thus,
under mild hydrothermal conditions, heat functions as a bioconversion-enabling factor by transiently preserving
endogenous [-glucosidase activity, whereas in conventional thermal processing it is primarily used for
preservation, enzyme inactivation, and structural modification of soy matrices [1,23,56].

Traditional cooking methods, including boiling, steaming, roasting, and frying, effectively reduce
antinutritional factors but induce substantial rearrangements in isoflavone conjugation patterns. In both wet- and
dry-heating systems, malonylglucosides exhibit the highest thermal sensitivity, being converted predominantly
into acetylglucosides and, to a lesser extent, B-glucosides, while aglycones often show limited net accumulation
[60,61]. Moist heat tends to intensify malonylglucoside degradation and leaching losses, whereas dry heat favors
acetyl derivative formation through decarboxylation [61]. Comparative studies indicate that temperature-induced
shifts up to 120 °C largely reflect interconversion among chemical forms rather than extensive degradation [58].
However, changes in aglycone levels alone may mask substantial redistribution among conjugated intermediates;
therefore, quantification of the malonylglucoside and B-glucoside fractions is essential for accurately interpreting
processing-induced changes [62].

Thermoplastic extrusion combines high temperature, pressure, and shear to restructure proteins and produce
textured soy ingredients. Under typical conditions (100-150 °C, low moisture), extrusion destabilizes
malonylglucosides and promotes acetyl conjugate formation while rapidly inactivating B-glucosidases, thereby
limiting enzymatic aglycone formation [2]. As a result, extrusion-induced modulation of isoflavone profiles is
predominantly driven by chemical rearrangement and partial degradation rather than controlled bioconversion.
Similar patterns are observed in industrial expansion processes, where reductions in glycosylated forms are not
necessarily accompanied by aglycone accumulation, reinforcing that thermomechanical severity favors
rearrangement and loss over enzymatic transformation [63].

Pasteurization and ultra-high-temperature (UHT) treatments are essential for stabilizing liquid soy beverages.
These processes generally reduce malonylglucosides while increasing B-glucosides and acetyl derivatives, with
aglycone formation depending on time—temperature severity and residual enzymatic activity [64,65]. Moderate
pasteurization often preserves total isoflavone content and induces mainly interconversion among conjugated
forms [66,67]. In contrast, UHT processing rapidly inactivates endogenous enzymes, favoring purely chemical
decarboxylation and rearrangement reactions [68]. Post-processing storage may further modulate profiles, with
gradual increases in aglycones under refrigerated conditions attributed to slow deesterification and residual
enzymatic activity [66,67].

Collectively, thermal processing reshapes soybean isoflavone profiles primarily through the thermal
instability of malonylglucosides and their sequential conversion into acetylglucosides and pB-glucosides.
Meaningful aglycone enrichment depends on the transient preservation of enzymatic activity under controlled
hydrothermal conditions before thermal inactivation. In contrast, severe thermomechanical treatments such as
extrusion and UHT suppress enzymatic pathways and favor chemical rearrangements and partial degradation.
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Integrating controlled hydration, mild incubation, and short heat treatments, therefore, emerges as a rational
strategy to balance microbial safety, structural conversion, and functional value in soy-based foods.

3.4. Emerging Non-Thermal Technologies

Emerging non-thermal technologies have gained prominence as alternatives to conventional heat-based
preservation, which, although effective for microbial inactivation, may compromise nutritional quality and sensory
attributes, particularly in matrices rich in heat-sensitive bioactives [69]. Driven by consumer demand for minimally
processed foods, the industry has increasingly adopted non-thermal approaches capable of ensuring safety while
preserving nutritional functionality [4,10]. In soybean systems, these technologies extend beyond preservation and
function as process-intensification tools, enhancing extractability and facilitating the conversion of glycosylated
isoflavones into more bioavailable aglycones, an outcome that remains challenging under conventional processing [70].

Representative applications and compositional shifts are summarized in Table 4. Rather than promoting
complete deglycosylation as standalone treatments, these technologies primarily function as process-
intensification tools that improve matrix permeability and enzyme accessibility, thereby facilitating subsequent
bioconversion [4,13,70]. Among available technologies, ultrasound (US), pulsed electric fields (PEF), and high
hydrostatic pressure (HHP) stand out due to their combined capacity to disrupt cellular structures, modulate
enzyme activity, and promote controlled structural interconversion. Although all three technologies enhance
substrate accessibility and facilitate isoflavone bioconversion, they operate through distinct mechanisms: acoustic
cavitation in ultrasound (US), membrane electroporation in pulsed electric fields (PEF), and uniform matrix
compression accompanied by disruption of non-covalent interactions in high hydrostatic pressure (HHP)
treatments [4,14,71,72].

Ultrasound induces acoustic cavitation, generating localized shear forces, microjets, and transient high-pressure
zones that disrupt cell walls and enhance matrix permeability [4,73]. In soy matrices, ultrasound treatments
consistently increase total phenolics, antioxidant activity, and aglycone isoflavone levels, particularly when applied
as a pre-treatment before soaking or extraction [74—76]. These effects are attributed to improved release of insoluble-
bound phenolics and enhanced enzyme—substrate interactions following matrix disintegration. However, processing
intensity is critical: mild ultrasound conditions may stimulate B-glucosidase activity, whereas excessive exposure can
partially inactivate the enzyme [77,78], underscoring the need for precise parameter optimization.

Pulsed electric field processing promotes electroporation of cell membranes, increasing permeability and
facilitating interaction between endogenous B-glucosidases and isoflavone glucosides [13]. In soymilk systems,
PEF pre-treatment has been shown to modulate glucoside levels while increasing genistein and daidzein contents,
indicating enhanced enzymatic hydrolysis [71]. Similarly, [79] reported that high-intensity pulsed electric fields
and high-pressure processing improved the bioaccessibility of isoflavones in a soymilk-based beverage, suggesting
that non-thermal treatments can facilitate the release and accessibility of these compounds without the detrimental
effects commonly associated with conventional thermal processing. At moderate intensities, PEF may induce
conformational modifications in -glucosidase, enhancing its catalytic activity and promoting the hydrolysis of
isoflavone glucosides into their corresponding aglycones, with conversion efficiencies approaching 95% under
optimized conditions [80]. This effect is particularly relevant for soy-based products, as aglycones exhibit greater
bioavailability and biological activity than their conjugated counterparts. Consequently, PEF-assisted
bioconversion represents a promising technological strategy for improving the functional quality and added value
of soybean-derived foods and ingredients. Furthermore, because PEF operates under low thermal loads and short
treatment times, it aligns with sustainable processing approaches while minimizing undesirable thermal
degradation of bioactive compounds [4,10].

High hydrostatic pressure further complements these strategies by inducing uniform compression and
selectively disrupting non-covalent interactions within proteins and polysaccharides, thereby altering matrix
architecture and enhancing phytochemical release [14,72]. In soybean matrices, pressures between 100 and 500
MPa increase extractable isoflavone content and improve bioaccessibility, particularly at intermediate pressure
levels [72]. At higher intensities, partial decreases in specific glucosides and aglycones may reflect pressure-
induced interconversion among malonyl-, B-glucoside, and aglycone forms rather than extensive degradation [13].
From a sustainability standpoint, HHP is associated with reduced water use, minimal emissions, and lower additive
dependency, aligning with clean-label and green-processing principles [4,81].
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Table 3. Effect of thermal processing on the isoflavone profile of soy-based foods.

}S,(;z duct Thermal Processing  Processing Conditions Isoflavone Concentration before Processing Isoflavone Concentration after Processing  References
B-glucosides: 42.8 mg/100 g B-glucosides: 7.8 mg/100 g
Soybean:buffer (1:1.5, g:g), pH Aglycones: 2.8 mg/100 g Aglycones: 31.0 mg/100 g
Soybean Hydrothermal 6.055°C,6h Malonylglucosides: 448.4 mg/100 g Malonylglucosides: 236.6 mg/100 g [23]
Acetylglucosides: not investigated Acetylglucosides: not investigated
B-glucosides: 59.9 mg/L B-glucosides: 56.8 mg/L
. . o Aglycones: 8.5 mg/L Aglycones: 7.81 mg/L
Soymilk Pasteurized 95 °Cfor30s Malonylglucosides: 63.43 mg/L Malonylglucosides: 60.0 mg/L [67]
Acetylglucosides: 2.5 mg/L Acetylglucosides: 2.46 mg/L
B-glucosides: 87.3 mg/100 g B-glucosides: 54 mg/100 g
. o . Aglycones: 4.9 mg/100 g Aglycones: 99.1 mg/100 g
Soymilk Thermal treatment 97°C for 25 min Malonylglucosides: 314.4 mg/100 g Malonylglucosides: 158.5 mg/100 g [52]
Acetylglucosides: not investigated Acetylglucosides: not investigated
B-glucosides: not investigated B-glucosides: not investigated
Raw soy Steamed 95 °C for 1 h and dried at 30 °C Aglycones: 43.7 mg/100 g Aglycones: 43.88 mg/100 g [62]
flour for 48 h Malonylglucosides: not investigated Malonylglucosides: not investigated
Acetylglucosides: not investigated Acetylglucosides: not investigated
B-glucosides: 23.7 mg/100 g B-glucosides: 60.5 mg/100 g
Mature . o . Aglycones: 2.1 mg/100 g Aglycones: 1.3 mg/100 g
soybean Dry heating 100 °C for 120 min Malonylglucosides: 284.6 mg/100 g Malonylglucosides: 98.5 mg/100 g [61]
Acetylglucosides: 3.1 mg/100 g Acetylglucosides: 41.5 mg/100 g
B-glucosides: 23.7 mg/100 g B-glucosides: 91.6 mg/100 g
Mature Wet heating o . Aglycones: 2.1 mg/100 g Aglycones: 1 mg/100 g
soybean (steaming) 100 °C for 120 min Malonylglucosides: 284.6 mg/100 g Malonylglucosides: 48.6 mg/100 g [61]
Acetylglucosides: 3.1 mg/100 g Acetylglucosides: 22.2 mg/100 g
B-glucosides: 22.3 mg/100 g B-glucosides: 25.8 mg/100 g
. o . Aglycones: 20.5 mg/100 g Aglycones: 11.1 mg/100 g
Soybean Boiled 100 °C for 5 min Malonylglucosides: not investigated Malonylglucosides: not investigated 58]
Acetylglucosides: not investigated Acetylglucosides: not investigated
B-glucosides: 22.3 mg/100 g B-glucosides: 56.6 mg/100 g
. o . Aglycones: 20.5 mg/100 g Aglycones: 22.2 mg/100 g
Soybean Fried 120 °C for 5 min Malonylglucosides: not investigated Malonylglucosides: not investigated 58]
Acetylglucosides: not investigated Acetylglucosides: not investigated
B-glucosides: 55.8 mg/100 g B-glucosides: 59.4 mg/100 g
Soymilk o Aglycones: 5 mg/100 g Aglycones: 4.5 mg/100 g
prosoy UHT 140°Cfor5s Malonylglucosides: 226.6 mg/100 g Malonylglucosides: 189.3 mg/100 g [68]
Acetylglucosides: not investigated Acetylglucosides: not investigated
B-glucosides: 55.8 mg/100 g B-glucosides: 74.1 mg/100 g
Soymilk o o Aglycones: 5 mg/100 g Aglycones: 5.8 mg/100 g
prosoy UHT 120 °C for 80's + 140 °C for 4 s Malonylglucosides: 226.6 mg/100 g Malonylglucosides: 171.9 mg/100 g [68]
Acetylglucosides: not investigated Acetylglucosides: not investigated
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}S,(z duct Thermal Processing  Processing Conditions Isoflavone Concentration before Processing Isoflavone Concentration after Processing  References
Soymilk B-glucosides: 47.4 mg/100 g B-glucosides: 84.1 mg/100 g
black Stove cookin 90 °C water bath, 20 min boiling, = Aglycones: 12.8 mg/100 g Aglycones: 13.1 mg/100 g [68]
sovbean & ice-bath cooling Malonylglucosides: 137.2 mg/100 g Malonylglucosides: 102.6 mg/100 g
Y Acetylglucosides: not investigated Acetylglucosides: not investigated
Sovmilk B-glucosides: 47.4 mg/100 g B-glucosides: 53.7 mg/100 g
ymi Aglycones: 12.8 mg/100 g Aglycones: 12.6 mg/100 g
IS)(I)acbl;an UHT 140°Cfor5s Malonylglucosides: 137.2 mg/100 g Malonylglucosides: 126.4 mg/100 g [68]
Y Acetylglucosides: not investigated Acetylglucosides: not investigated
. B-glucosides: 47.4 mg/100 g B-glucosides: 59.8 mg/100 g
:ggf{nlk UHT 120 °C for 80 s + 140 °C for 4 s Aglycones: 12.8 mg/100 g Aglycones: 11.1 mg/100 g [68]
soybean Malonylglucosides: 137.24 mg/100 g Malonylglucosides: 112.2 mg/100 g
Y Acetylglucosides: not investigated Acetylglucosides: not investigated
Table 4. Effects of non-thermal technologies on the isoflavone profile in soy matrices.
Soy Non-Thf: rmal Processing Conditions Isoflavone Concentration before Processing  Isoflavone Concentration after Processing  References
Product Processing
B-gllucosides: 20.3 ;ng/lOO g B-glucosides: 12.1/mg/100 g
. _ . Aglycones: 6.6 mg/100 g Aglycones: 16 mg/100 g
2
Soymilk Ultrasound 20 kHz and 50 W em™ for 3 min Malonylglucosides: 88.8 mg/100 g Malonylglucosides: 80 mg/100 g 78]
Acetylglucosides: not investigated Acetylglucosides: not investigated
B-glucosides: 43.2 mg/100 g B-glucosides: 32.1 mg/100 g
_ . Aglycones: 16.2 mg/100 g Aglycones: 8.1 mg/100 g
2 o
Soybean Ultrasound 24 W em®, 55 °C for 15 min Malonylglucosides: not investigated Malonylglucosides: not investigated [74]
Acetylglucosides: not investigated Acetylglucosides: not investigated
B-glucosides: 92.7 mg/100 g B-glucosides: 57.4 mg/100 g
Soybean o . Aglycones: 5.6 mg/100 g Aglycones: 67.4 mg/100 g
powder HHP 500 MPa, 25 °C for 10 min Malonylglucosides: 115.1 mg/100 g Malonylglucosides: 115.1 mg/100 g [72]
Acetylglucosides: not investigated Acetylglucosides: not investigated
B-glucosides: 11.9 mg/100 g B-glucosides: 14.5 mg/100 g
. 35kV/em, 4 ps, 200 Hz, Aglycones: 5.3 mg/100 g Aglycones: 5.2 mg/100 g
Soymilk HIPEF (PEF) 1800 ps (bipolar) Malonylglucosides: not investigated Malonylglucosides: not investigated [79]
Acetylglucosides: not investigated Acetylglucosides: not investigated
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Collectively, non-thermal technologies provide versatile tools for reshaping soy isoflavone profiles by
enhancing matrix permeability, improving enzyme accessibility, and promoting controlled interconversion among
conjugated forms. While typically less effective than fermentation for complete deglycosylation, these approaches
offer complementary pathways for aglycone enrichment under milder processing conditions. Strategic integration
with controlled hydrothermal steps or fermentation may therefore maximize conversion efficiency while
preserving nutritional and sensory quality, advancing the development of functional soy-based foods within
sustainability-oriented processing paradigms.

Taken together, fermentation promotes true enzymatic deglycosylation, thermal treatments primarily drive
chemical interconversion, and non-thermal technologies enhance accessibility and partial conversion. Therefore,
isoflavone modulation should be understood as a process-design outcome rather than an isolated technological effect.

4. Conclusions

Food processing decisively shapes the structural fate of soy isoflavones, governing not only total retention
but, more critically, the transition from conjugated derivatives to bioavailable aglycones. Among the technologies
examined, microbial fermentation emerges as the most efficient and reliable strategy for driving deglycosylation,
with both solid-state and submerged systems consistently promoting substantial aglycone enrichment when
appropriate strains and moisture conditions are selected. In contrast, thermal processing primarily induces
chemical interconversions among malonyl-, acetyl-, and B-glucoside forms, with meaningful aglycone formation
occurring only when endogenous B-glucosidase activity is transiently preserved under carefully controlled
hydrothermal conditions. Emerging non-thermal technologies, including ultrasound, pulsed electric fields, and
high hydrostatic pressure, complement these strategies by enhancing matrix permeability and enzyme accessibility,
enabling controlled structural modulation while minimizing nutritional and sensory losses.

From a technological standpoint, no single process fully optimizes isoflavone conversion. Instead, rational
integration of controlled hydration, mild pre-incubation, targeted fermentation, and selected non-thermal
intensification strategies offers the most promising pathway to maximize aglycone enrichment while maintaining
product quality and sustainability. This integrated perspective shifts the focus from isolated treatments to process
design guided by mechanistic understanding.

Nevertheless, progress remains constrained by incomplete profiling of intermediate conjugated forms and
limited characterization of secondary transformations, including hydroxyisoflavone formation during prolonged
fermentations. Future research should prioritize standardized analytical methodologies, deeper investigation of
process—structure—bioaccessibility relationships, and scalable process integration frameworks. Advancing these
fronts will enable the translation of laboratory-scale insights into industrially viable technologies and support
the development of soy-based foods and ingredients with optimized isoflavone profiles and enhanced
functional performance.
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