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Abstract
Soybean is one of the most important commodities in the world, being applied in
feed crops and food, pharmaceutical industries in different ways. Soy is rich in
isoflavones that in aglycone forms have exhibited significant anti-obesity and
anti-lipogenic effects. Obesity is a global problem as several diseases have been
related to this worldwide epidemic. The aim of this work was to verify the effect
of free and immobilized β-glucosidase, testing Lentikats, and sol–gel as carriers.
Moreover, we wanted to examine if the different types of hydrolysis would
generate extracts with distinct biological activity concerning lipid accumulation,
PPAR-α regulation, and TNF-α, IL-6, and IL-10 concentrations using in vitro
assays. Our results show that all formulations of β-glucosidase could hydrolyze
soy isoflavones. Thus, after 24 h of incubation, daidzein content increased 2.6-,
10.8-, and 12.2-fold; and genistein content increased 11.7, 11.4, and 11.4 times
with the use of free enzyme, Lentikats®, and sol–gel immobilized enzyme,
respectively. Moreover, both methodologies for enzyme immobilization led to
promising forms of biocatalysts for application in the production of soy extracts
rich in isoflavones aglycones, which are expected to bring about health benefits.
A mild lipogenic effect was observed for some concentrations of extracts, as well
as a slight inhibition in PPAR-α expression, although no significant differences
were noticeable in the cytokines TNF-α, IL-10, and IL-6 as compared with the
control.
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Introduction

Soybean (Glycine max) is a good source of proteins, carbohydrates, and lipids, and it has been
associated with health benefits such as antihypertensive, hypocholesterolemic, anti-obesity,
and antioxidant activities [1]. One of the most important bioactive compounds that have been
identified as responsible for most of these benefits is isoflavones, a class of phytoestrogens
(PEs) [2]. The mechanism underlying the role of PEs still remains unknown due to conflicting
information available in the literature. Additionally, the action of PEs at the cellular and
molecular level is influenced by dose, class, type, and affinity for the estrogen receptor [3].
Isoflavones are diphenolic secondary metabolites found in soybean and soy products that are
divided in 12 isoforms, namely daidzin, genistin, and glycitin and their corresponding
aglycones, daidzein, genistein, and glycitein, apart from acetyl and malonyl forms [4–6].

Isoflavones present in soy are mainly glucosides with a small quantity of aglycones. The
aglycones are known for having higher bioactivity [7], due to their chemical structure,
presenting better bioavailability and biological efficiency [8]. Thus, the pharmacological
benefits are correlated to the aglycone form of isoflavones rather than to the glycoside form,
which has a slower absorption in human intestines, on account of its higher hydrophilicity and
molecular weight [9, 10]. Izumi et al. [11] corroborates such pattern, as they observed that after
the consumption of isoflavones in glucoside and aglycone forms, the concentration of the
compounds in the plasma presented the highest value after 4 and 2 hours, respectively, being
fivefold higher after aglycone intake. Thus, according to the authors, products rich in agly-
cones could be more effective in the prevention of chronic disease.

Over the past decades, the literature suggests that a soy-rich diet could improve bone health,
decrease the risk of hormone-related cancers and of cardiovascular disease, [12–14]. Daidzein, an
isoflavone aglycone, has been suggested to minimize adipose inflammation through the upregu-
lation of PPAR (peroxisome proliferator-activated receptor)-γ, reducing the insulin resistance [15].

The demand for studies focused on methodologies that aim to improve the content of
isoflavones aglycones in soy products has been increasing. According to Yeon et al. [16], β-
glucosidase is the key enzyme in the bioconversion of soy isoflavones to aglycones, presenting
several other applications of interest to food, pharmaceutical, and detergents industry, namely
through the synthesis of oligosaccharides and of alkyl glucosides, and in the production of
biofuel and ethanol through biomass degradation, [17–19].

Enzyme immobilization provides a major asset when biocatalysts are to be used in
industrial applications, as operational stability problems can be minimized and downstream
processing can be simplified [20, 21]. Accordingly, the implementation of immobilized
enzyme systems for isoflavone bioconversion has been in the spotlight, as this approach
allows continuous or repeated batch operation and eases biocatalyst separation from the
reaction media, overall resulting in decreased process cost [22, 23].

In this study, the feasibility of using enzyme-entrapped systems, based on two biocompat-
ible materials (PVA, polyvinyl alcohol-Lentikats, and Sol-gel), for the hydrolysis of
isoflavones extract was evaluated. PVA-Lentikats are a synthetic material suitable for
hydrogels production. and it is being used in enzyme immobilization due to their chemical
and mechanical robustness among other advantages such as cost and innocuity [24, 25]. The
sol–gel approach allows operation under harsh conditions which is important in an industrial
environment and consists in a relatively simple method that can be performed at room
temperature and in such conditions that do not hinder the access of the substrate to the active
site of enzyme [26–28].
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Obesity is an alarming global problem associated with chronic low-grade inflammation
which can induce insulin resistance, considered the major cause of type 2 diabetes and other
diseases [29, 30]. 3T3-L1 cell line is the most used system to study adipocyte differentiation.
The 3T3-L1 cell line consists in mouse embryonic fibroblast pre-adipocytes that under the
appropriate conditions differentiate into adipocyte-like phenotype, which accumulates lipids
droplets until a mature white adipocyte [31].

In this work, isoflavones present in a soy extract was bioconverted by β-glucosidase
immobilized in either Lentikats or in sol–gel supports to increase the amount of isoflavones
aglycones. Both raw and enzyme-processed extracts were characterized for titer and nature of
isoflavones and then different concentrations of the extracts were tested within the scope of an
obesity model to evaluate their effects on lipid accumulation.

Material and Methods

β-Glucosidase Production

β-glucosidase from Aspergillus niger LBA 02 (strain deposited at the Culture Collection of
Food Biochemistry Laboratory, University of Campinas, Campinas-SP, Brazil) was produced
according to Figueira et al. 2011. Briefly, the culture medium was composed of wheat bran
and sugar cane bagasse (95:5) 100 g in 100 mL of distilled water. Fifteen discs with 10 mm of
diameter were taken from a Petri dish culture (made with spores from A. niger LBA 02) and
added to the Erlenmeyer flask with the culture medium (20 g) and incubated at 30 °C for
5 days.

An aliquot of 100 mL of distilled water was added to the Erlenmeyer flasks for the
extraction procedure. The solution was maintained in stirring at 150 rpm for 20 min. After
filtration, an ammonium sulfate solution (80% of saturation) was added to the enzyme extract
and the mixture was stored at 3 °C overnight. The suspension was centrifuged (10 min,
10.000 rpm), and the solid residue was resuspended in 0.05 M sodium phosphate buffer
pH 7.0. The extract was lyophilized for 48 h and stored at 4 °C.

Enzyme Immobilization

β-Glucosidase Immobilization in Polyvinyl Alcohol–Lentikats®

Immobilization in Lentikats® was achieved according to geniaLab (geniaLab site). Briefly, the
enzyme preparation was diluted 1000-fold in 100 mM acetate buffer pH 4.5 and added to the
LentiKat® liquid (1:10). The resulting solution was extruded to Petri dishes. After dehydration
to 30% (w/w), under 30 °C, the particles were incubated in a LentiKat® stabilizer solution
during 2 h at room temperature. The lenses were then washed and stored in 100 mM acetate
buffer pH 4.5 at 4 °C.

β-Glucosidase Immobilization in Sol–Gel

Immobilization in sol–gel was performed as described elsewhere [32]. Briefly, a solution
containing 100 μL tetramethoxysilane (TMOS) and 40 μL HCl (10 mM) was sonicated in a
water bath for 10 min. An aliquot of 0.16 mL of the enzyme preparation was added to the
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solution. Then, an aliquot of 6 mL of 150 mM AOT (aerosol OT, sodium bis (2-ethylhexyl)
sulfosuccinate)/isooctane solution was added to the solution. The resulting sol–gel solution
was vortexed for 1 min, washed twice with 100 mM acetate buffer pH 4.5, and aged at room
temperature with controlled water activity (aw = 0.75) for 7 days. The resulting particles were
suspended in 1 mL of 100 mM acetate buffer pH 4.5 and stored at 4 °C.

Determination of β-Glucosidase Activity

The enzyme activity was performed according to Matsuura et al. [33]. The method is based on
the determination of the amount of p-nitrophenol released from the enzymatic hydrolysis of p-
nitrophenyl-β-D-glucoside (ρ-NPG) in acetate buffer. Activity was expressed in International
Units (IU), where 1 IU corresponds to the release of 1 μmol p-nitrophenol per minute. All runs
were performed in triplicate, at least.

Soybean Glycosyl Isoflavones Extraction

The isoflavones were obtained according to Aguiar [34] with modifications. The soybeans
were grounded into flour (100–200 mesh). The soy flour was defatted with hexane (1:10 w/v)
by incubation for 30 min at room temperature with continuous rotary agitation. The extraction
of isoflavones was performed using 80% aqueous methanol solution under 100 rpm stirring for
1 h at room temperature. The mixture was then centrifuged, and the supernatant recovered.
After determination of isoflavones in the extract using reversed-phase HPLC as described by
Park et al. [35], the extract was used for the bioconversion of glycosyl isoflavones from soy
into aglycones isoflavones using free and immobilized β-glucosidase.

Treatment of Isoflavones Extracts with Free and Immobilized β-Glucosidase

Eppendorf tubes containing 1 mL aliquots of isoflavones extract and 0.1 mL of β-glucosidase
solution (0.1 mg mL−1) (13,600 U g−1) in acetate buffer 0.1 M pH 4.5 or an equivalent amount
of enzyme immobilized in either PVA–Lentikats® lenses or sol–gel, were incubated at 50 °C,
under stirring for 0.5, 3, and 24 h. The reactions were stopped by freezing the Eppendorf tubes.
After warming for solubilization, the aliquots were filtered through a 0.45 μm filter for HPLC
analysis. The crude extract was used as control. The processed extracts were lyophilized and
identified as follows:

RIE, Raw isoflavone extract—Control, no enzyme processing.
BIE-FE, Bioconverted isoflavone extract—processed with free enzyme.
BIE-LK, Bioconverted isoflavone extract—processed with enzyme immobilized in

Lentikats®.
BIE-SG, Bioconverted isoflavone extract—processed with enzyme immobilized in sol-gel.

High-Performance Liquid Chromatography with Diode Array Detector (HPLC-DAD)
Analysis of Isoflavones

The content and compositions of isoflavones were determined quantitatively in the extract
before and after the enzyme treatment. The isoflavones concentrations were assessed by
HPLC-DAD as described by Aguiar [34] with modifications. The HPLC system used was a
Dionex UltiMate 3000 (Germany), equipped with auto-sampler (WPS-3000(T) SL
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Analytical), quaternary pump (LPG-3400SD). The detection was performed by a UV/VIS
diode array detector (DAD-3000). Aliquots of 20 μL were injected into a reversed phase
column (C18 Atlantis®, Waters, 5 μm, 4.6 × 150 mm) at 30 °C. The mobile phase consisted of
eluent A (water:acetic acid (19:1, v/v)) and eluent B (methanol). The following gradient for
eluent B was applied: 20% from 0 to 15 min, 20–80% over the next 60 min, 80–100% over the
next 10 min, 100–20% over the next 10 min, and 20% over the next 5 min. The flow rate was
0.5 mL min−1, the column temperature was 30 °C, and the absorbance was measured at
254 nm. Isoflavone content of the samples was calculated by interpolation of the calibration
curves prepared using different concentrations of the isoflavone authentic standards (Sigma,
St. Louis Mo, USA). The concentrations were expressed in μg of isoflavone per gram of soy
flour in dry basis.

Cell Culture Assay

Cell Culture

RAW 264.7 murine macrophages and 3T3-L1 murine pre-adipocytes were cultured in
Dulbecco’s Modified Eagle’s medium (DMEM) at 37 °C in a humidified atmosphere with
5% CO2. All media contained 10% fetal bovine serum (FBS), penicillin (100 units mL−1), and
streptomycin (100 μg mL−1).

Measurement of Cell Viability

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was
used to measure cell viability. RAW 264.7 (1.0 × 105 cells mL−1) were seeded in
96-well plates and incubated for 24 h at 37 °C in a humidified atmosphere with 5%
CO2. Then the cells were treated with the soy isoflavones extract samples (0.01–
1.00 mg mL−1). After 24 h of incubation, all media was removed; 90 μL of phosphate
buffer saline (PBS) and 10 μL of MTT solution (5 mg mL−1) were added to the cell
culture. The cells were further incubated at 37 °C in a humidified atmosphere with
5% CO2 for 3 h, in the dark. The MTT formazan crystals were dissolved in SDS 10%
in HCl 0.01 M for 18 h. The optical density of formazan solution was measured with
a microplate reader at 540 nm. The results are expressed as % of control cells, which
are cells without any sample treatment. The same assay was carried out with 3T3-L1
cells (1.0 × 105cell well−1) to verify soy isoflavones extract samples toxicity at the
range 0.01 to 1.00 mg mL−1.

Pre-Adipocytes Differentiation

Murine 3T3-L1 cells were grown in DMEM with 10% FBS, 10 mL L−1 penicillin/
streptomycin (Gibco) at 37 °C, 5% CO2, and 95% humidity until confluence. Differ-
entiation was induced by adding DMEM supplemented with 10 μg mL−1 insulin,
0.5 mM isobutylmethylxanthine (IBMX), 1 μM dexamethasone (DEX), and 10% FBS
for the next 2 days. Then the differentiation medium was replaced with maturation
medium (10% fetal bovine serum, 10 μg/mL insulin in DMEM), and the medium was
changed every 48 h until 8 days, after which mature adipocytes containing lipid
droplets were formed.
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Oil Red O Staining

The cells were submitted to two different treatments. First, cells were exposed to the extracts in
the differentiation medium followed by maturation medium without the samples. This treat-
ment establishes whether or not the extracts could impair the pre-adipocytes differentiation.

The second treatment consisted in the addition of the extracts only to the maturation
medium. This procedure intended to verify if the extracts could reduce triglyceride accumu-
lation in adipocytes after differentiation.

In both cases, on day 12, the 3T3-L1 mature adipocytes plated onto 24-well plates were
washed once with formaldehyde 10% in PBS, and fixed with formaldehyde 10% in PBS for
60 min. After replacement of formaldehyde 10% in PBS with 60% isopropanol, the cells were
stained for 30 min in freshly diluted Oil Red O (Sigma) solution (2.1 mg/ml) with 60%
isopropanol. Thereafter, the cells were washed four times with water and the wells were dried
in room temperature. Subsequently, the Oil Red O in the stained cells was eluted with 100%
isopropanol. The absorbance was measured with a microplate reader at 492 nm. Each treatment
was performed in triplicate. The results are expressed as a percentage of control cells, which are
fully differentiated cells without any sample treatment, according to the equation below:

%of Oil Red O staining ¼ Abssample

Abscontrol

� �
� 100

Adipocytes Co-Cultured with Macrophages and Cytokines Measurement

Murine 3T3-L1 pre-adipocyte cells were cultured and differentiated as previously described.
At the 9th day, the maturation medium was replaced by DMEM with 0.5% BSA. At day 10,
murine macrophage cell line RAW 264.7 (1 × 105 cells well−1) were plated onto upper layer
transwell inserts (0.45 μm, Millipore). Then at day 11, the cells received 100 ng/mL LPS
stimulation and the isoflavones extracts (RIE, BIE-FE, BIE-LK, BIE-SG) were added at the
concentration 0.4 and 1.0 mg mL−1 for 24 h. The supernatants were collected, centrifuged at
1000 rpm, 10 min, to cell debris removing, and then stored at − 80 °C, to further cytokines
quantification using commercial Multiplex kit, MTH17MAG-47k–Mouse Th17 Panel
Magnetic/96-well plate (Merck).

Statistical Analysis

Results were expressed as means ± standard deviation (SD). Post-hoc comparison was
performed by Tukey’s tests. Differences were considered significant when p ≤ 0.05.

Results

Treatment of Isoflavones Extracts with Free and Immobilized β-Glucosidase

The β-glucosidase formulations, free and immobilized in either Lentikats® or in sol–gel
particles, were tested for the hydrolysis of glycosyl isoflavones (Fig. 1). After 24 h of reaction,
all the glycosyl isoflavones were hydrolyzed into their aglycone forms. The presence of
daidzin, genistin, daidzein, and genistein in the samples was confirmed through comparison
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with the corresponding retention time and the absorption spectrum of the analytical standards
in HPLC-DAD.

The quantification of daidzin, genistin, daidzein, and genistein in the samples
allowed establishing a trend for the time course of product formation/substrate deple-
tion (Fig. 2). The content of daidzein increased 2.6-, 10.8-, and 12.2-fold with the
free enzyme, the enzyme immobilized in Lentikats and enzyme immobilized in sol–
gel, respectively, after 24 h. The genistein content increased 11.7-, 11.4-, and 11.4-
fold with the free enzyme, the enzyme immobilized in Lentikats, and enzyme
immobilized in sol–gel, respectively, after 24 h.

MTT Assay

According to the MTT assay, none of the extracts were toxic to RAW 264.7 (Fig. 3) or 3T3-L1
(Fig. 4) cells in concentrations ranging from 0.05 to 1.0 mg mL−1. Thus, the following tests
were carried out using 0.1, 0.2, 0.4, and 1.0 mg mL−1 concentrations.

Effect of Extracts on Lipid Accumulation

The lipid accumulation after soy extracts treatments was verified by Oil Red O staining (Fig. 5
and Fig. 6).

When the extracts were added to the differentiation medium (Fig. 5), a decrease in lipid
accumulation was noticeable only with RIE at 0.2, 0.4, 1.0 mg mL−1, and BIE-LK at

Fig. 1 HPLC-DAD chromatograms at 254 nm of soy isoflavones extract control (chromatogram 1) and the
extracts treated with free β-glucosidase (chromatogram 2), β-glucosidase immobilized in PVA–Lentikats
(chromatogram 3), and β-glucosidase immobilized in sol–gel (chromatogram 4) after 24 h of reaction
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0.4 mg mL−1, concentrations. At 0.1 mg mL−1 concentration, all the samples stimulated lipid
accumulation.

It should be highlighted that BIE-FE and BIE-SG stimulated cell proliferation (Fig. 4),
possibly being the reason why there was an increased lipid concentration in these samples.

In the second treatment, the samples were administrated in a different moment (Fig. 6).
Cells were exposed to the extracts in the maturation medium to evaluate if the extracts could
reduce triglyceride accumulation in adipocytes after differentiation. Almost all extract con-
centrations presented a lipogenic behavior, as an increase in lipid accumulation up to 60% is
observed. However, concentrations of 0.1 and 0.4 mg mL−1 (BIE-LK sample) and
0.1 mg mL−1 (BIE-SG sample) inhibited lipid accumulation.

Inflammation Induced by LPS Stimulation in 3T3-L1 e RAW 264.7 Co-Culture

The concentrations of IL-6, TNF-α, and IL-10 were measured in co-culture assay with 3T3-L1
and RAW 264.7 (Table 1). The following tests were carried out using 0.4 and 1.0 mg mL−1 of
extracts concentrations.
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Fig. 2 Conversion of daidzin in daidzein (a) and genistin in genistein (a′) by free β-glucosidase enzyme.
Conversion of daidzin in daidzein (b) and genistin in genisteín (b′) by β-glucosidase immobilized in Lentikats®;
Conversion of daidzin in daidzein (c) and genistin in genistein (c′) by β-glucosidase immobilized in sol–gel after
0.5 h, 3 h, and 24 h of reaction at 50 °C
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The addition of LPS to the co-culture did not influence the concentration of IL-6 and
TNF-α, yet it led to the decrease of IL-10. The results in Table 1 suggest that extract treatment
did not influence IL-6 concentration, remaining same as control. As for TNF-α, its

Fig. 3 Cell viability of RAW264.7 cell line according to MTT assay. (RIE, Raw isoflavone extract–control not
enzymatic treated; BIE-FE, bioconverted isoflavone extract–treated with free enzyme; BIE-LK, bioconverted
isoflavone extract–treated with enzyme immobilized by Lentikats®; BIE-SG, bioconverted isoflavone extract–
treated with enzyme immobilized by sol–gel)
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Fig. 4 Cell viability of 3T3-L1 cell line according to MTT assay (RIE, raw isoflavone extract–control, no
enzyme processing; BIE-FE, bioconverted isoflavone extract–processed with the free enzyme; BIE-LK,
bioconverted isoflavone extract–processed with enzyme immobilized in Lentikats®; BIE-SG, bioconverted
isoflavone extract–processed with enzyme immobilized in sol–gel)
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concentration in co-culture did not present significant difference compared with the control,
except for RIE at 1.0 mg mL−1. Finally, IL-10 concentration increased with the addition of
BIE-SG at both concentrations tested.

Discussion

Treatment of Isoflavones Extracts with Free and Immobilized β-Glucosidase

Soybean isoflavones have gained huge attention for their health effects; however, reports
indicate that the form, food processing techniques, and dosage, among other factors, can

Fig. 5 Soy extracts effect in Oil Red O staining of 3T3-L1 cell line after differentiation with samples added in the
differentiation medium, % in relation to control. RIE, BIE-LK, and BIE-SG as in the legend of Fig. 4

Fig. 6 Soy extracts effect in Oil Red O staining of 3T3-L1 cell line after differentiation with samples added in the
maturation medium, % in relation to control. RIE, BIE-LK, and BIE-SG as in the legend of Fig. 4
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significantly alter the bioavailability and effectiveness of isoflavones [36]. After the ingestion,
isoflavones glucosides can be hydrolyzed to aglycones in the small intestine by the intestinal
β-glucosidase. Then the aglycones molecules can either be absorbed intact or be metabolized
by intestinal microflora in the large intestine into other metabolites such as equol [37, 38].

According to the literature, the aglycone forms are superior in their bioactive effects due to
their faster and more efficient absorption [39]. Piskula, Yamakoshi, and Iwai [9] verified that
unlike the glucoside forms, daidzein and genistein were absorbed in rat stomach. Thus,
increasing aglycone content can lead to higher bioavailability.

β-glucosidases are enzymes involved in the hydrolysis of glycosides including aryl and
alkyl-β-d-glycosides. These enzymes can also hydrolyze β-glucosidic linkages of soybean
polyphenols, as daidzin and genistin, resulting in theaglycones [40]. The isolated enzyme, as in
the present study, or whole cells, in a fermentative biotransformation, can perform this
reaction. The latter approach was used by El-Shazly et al., [8] who obtained daidzein and
genistein (0.0–162.59 and from 1.32 to 149.67 μg/g, respectively) out of soybean extracts,
thus a lower yield than the present study. Still DPPH (1,1-diphenyl-2-picrylhydrazyl) scav-
enging activity was greater after fermentation, in agreement with the higher antioxidant
activity of the aglycones generated in the process compared with the original glycoside form.
This result emphasizes the relevance of producing an extract with increased titer in isoflavones
aglycones. As observed in the present work, El-Shazly and et al. [8] also reported the higher
concentration of daidzein in comparison with genistein. The authors suggested that β-
glucosidase presented a selective action on daidzin, which could account for the difference
in daidzein to genistein concentrations.

In the present work, it was also noticed that after 24 h of bioconversion the titer of some
isoflavones aglycones exceeded the maximum expected based on the initial substrate. This
behavior could be explained by chemical changes of isoflavones structures reported during
storage and processing, due to temperature and to the unstable features of isoflavones, mainly
malonyl conjugates. According to Jackson et al. [41], the most common chemical change
occurring in isoflavones is the decarboxylation of malonyl glucosides to acetyl glucosides and
ester hydrolysis of malonyl and acetyl glucosides to underivatized glucoside, from which it
may be possible to generate aglycone forms by cleavage of the glycosidic bond.

Table 1 Adipokines concentration in 3T3-L1 and RAW 264.7 co-culture

Sample IL-6 TNF-α IL-10

Control * 9972.17 ± 674.5a 856.7 ± 38.1 ab 20.9 ± 3.6 ab

Control LPS** 10,737.17 ± 862.7 a 885.7 ± 16.2 ab 4.7 ± 0b

RIE (0.4 mg mL−1) 9264.91 ± 884.7 a 766.89 ± 21 ab 20.5 ± 1.4 ab

RIE (1.0 mg/mL−1) 12,367.33 ± 116.6 a 1233 ± 401.7 a 31.44 ± 0 ab

BIE-FE (0.4 mg mL−1) 8895.32 ± 12.91 a 699 ± 66.6ab 17.7 ± 3.5 ab

BIE-FE (1.0 mg mL−1) 10,592.8 ± 631.1 a 803.8 ± 33.7 ab 21.7 ± 3.6 ab

BIE-LK (0.4 mg mL−1) 7101.17 ± 3825.8 a 637 ± 48.5b 22.1 ± 7.1 ab

BIE-LK (1.0 mg mL−1) 7412,7 ± 21.85 a 762.3 ± 71.24 ab 28.3 ± 7.7 ab

BIE-SG (0.4 mg mL−1) 12,130.7 ± 2618.7 a 853.9 ± 190.2 ab 41.7 ± 23.6 a

BIE-SG (1.0 mg mL−1) 10,046.96 ± 397.9 a 862.8 ± 83.8 ab 35.1 ± 9.4 ab

***3T3-L1 and RAW 264.7 cell line without LPS stimulus; 3T3-L1 and RAW 264.7 cell line LPS stimulus.
Different letters in the column indicates significant difference between the samples by Tukey’s test (RIE, raw
isoflavone extract–control, no enzyme processing; BIE-FE, bioconverted isoflavone extract–processed with the
free enzyme; BIE-LK, bioconverted isoflavone extract–processed with enzyme immobilized in Lentikats®; BIE-
SG, bioconverted isoflavone extract–processed with enzyme immobilized in sol-gel)
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Barnes, Kirk, and Coward [42] observed that the conversion of malonyl glucosides to β-
glucosides occurred gradually in soy isoflavones extracted with 80% aqueous methanol at
room temperature. Furthermore, Murphy et al. [43] reported that malonyl forms are converted
to glucoside forms at a rate of 0.2–0.3% of total mol per hour in soy isoflavone extracts at
room temperature.

Cho et al. [44] also noticed that the concentration of individual isoflavones shifted
significantly during storage for long periods. The authors observed that the concentration of
malonyl glucosides can decrease while the concentration of glucosides and aglycone tend to
increase.

Therefore, after 24 h of reaction at 50 °C, β-glucosidase free and immobilized in both
Lentikats® lenses and in sol–gel particles could hydrolyze the soy glycosyl isoflavones in their
aglycones forms producing 167.16, 679.9, and 769.3 μg of daidzein/g defatted soy flour and
367.9, 359.3, and 358.2 μg of genistein/g defatted soy flour with β-glucosidase free,
immobilized in Lentikats® lenses and in sol–gel particles, respectively. In spite of some
diffusion hindrances, both methodologies for enzyme immobilization led to promising forms
of biocatalysts, thus prompting further future research on this matter for detailed insight.

Nothwithstanding, in order to overcome the current mass transfer limitations, other
immobilized biocatalyst formulations could be considered in the future. Among these, encap-
sulation in metal-organic frameworks, either amorphous [45] or defected-induced composites
synthesized in microfluidic environments [46]. Amorphous metal-organic frameworks were
used to immobilize glucose oxidase, catalase, and Candida antarctica lipase B (CALB) in
nanoparticles [45]. The formulation presented mesopores, unlike previous crystalline forms of
such frameworks, therefore easing substrate diffusivity and allowing for high activity. More-
over, there was a high retention of enzyme activity upon immobilization. Encapsulation of
glucose oxidase and of horseradish peroxidase in metal-organic frameworks in microfluidic
environment in the presence of Zn2+ was also carried out [46]. The loss of Zn atoms in the
framework resulted in defects in the framework that led to mesopores formation, hence also
easing substrate diffusivity and allowing high activity of the immobilized enzyme
formulations.

Effect of Extracts in Cell Viability and Lipid Accumulation

The extracts did not adversely affect cell viability in the concentrations tested; on the contrary,
some extracts induced cell proliferation. The use of crude extracts could contribute to these
results, since some nutrients are present in these samples naturally. Also, due to β-glucosidase
activity, the glycosides released could be used as a source of energy. This fact was especially
evident for BIE-SG, in which, most of the daidzin was converted to daidzein, increasing
glycosides concentration presented in the medium. This could also be the reason why
lipogenic effect was observed in almost all extracts concentrations. This hypothesis was
confirmed by Huang et al. [47]. In their study, they observed that treatment of 3T3-L1 cells
with an extract of Black soybean koji fermented with A. awamori (rich in daidzin, genistin,
daidzein, and genistein) conferred a 5.5-fold increase in glucose utilization as compared with
vehicle treatment, concluding that the extract addition could increase and promote glucose
utilization.

Still, the results found could have occurred due to PPARγ activation. PPARγ is a nuclear
transcription factor involved in adipocyte differentiation [48], causing greater transformation
of preadipocytes to mature adipocytes when it is activated. Sakamoto et al. [49] and Sakamoto
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et al. [15] observed that daidzein causes direct activation of this transcription factor, thus the
significant amount of this isoflavone in the extracts tested could have caused PPARγ
activation.

According to Fig. 6, there was a decrease in lipid accumulation near 20% when the extract
was bioconverted with the immobilized β-glucosidase in Lentikats at 0.1 and 0.4 mg/mL, and
in sol–gel at 0.1 mgmL−1. The use of enzymes for the production of an extract rich in aglycone
isoflavones may be advantageous, given the best properties of this chemical form. However, it
should be noted that when using the crude extract, the glycosidic portion released after the
hydrolysis will be present in the extract and can be used as an energy source. At the highest
concentrations tested in the present study, this may have influenced the results. However, in
the lower concentrations (0.1 mg mL−1), it can be observed that biotransformation using
immobilization, in which there is more daidzein in relation to the use of a free enzyme,
promoted a reduction in the lipid concentration. The results suggest that as Lentikats have
diffusion limitations more pronounced than sol–gel aggregate, the amount of free carbohydrate
in BIE-SG is higher than in BIE-LK, and these could be used by the cells to grow, which could
be verified in MTT assay (Figs. 4 and 5) and in lipid accumulation (Fig. 6).

Inflammation Induced by LPS Stimulation in 3T3-L1 e RAW 264.7 Co-Culture

Co-culture using 3T3-L1 and RAW264.7 is widely used to mimic the inflammation associated
with obesity. Nakajima et al. [50] observed that the co-culture, without any other inflammation
stimulation, caused changes in cytokine secretion profile, with increased concentration of IL-6
and NO, compared with the isolated culture of 3T3-L1 and RAW-264.7. Moreover, in the co-
culture, adiponectin concentration decreased, when compared with the 3T3-L1 grown alone.
The authors hypothesized that the inflammation was possibly initiated by TNF-α from
RAW264.7. However, TNF-α secretion was lower in the co-culture than in an isolated
RAW 264.7 culture, probably due to adiponectin from 3T3-L1. In that study, same as in ours,
LPS addition did not cause a difference in cytokines concentration in comparison with the co-
culture control group, although the inflammation has occurred in both cases. It is likely that, in
the co-culture, TNF-α from RAW 264.7 was the initial stimulator of the inflammatory process,
but in co-culture with LPS, both LPS and TNF-α contributed to the process.

Sakamoto et al. [49] examined the anti-inflammatory effects of daidzein in a contact co-
culture system of 3T3-L1 adipocytes and RAW-264 macrophages. The expression of the
inflammatory genes MCP-1, IL6, and TNF were enhanced by co-culture, while daidzein
treatment significantly reduced MCP-1 and IL-6 mRNA expression and protein concentration,
however with no effect on TNF and adiponectin. Sakamoto and co-workers [49] also evaluated
the co-culture of adipocytes and macrophages using a transwell system, same as we performed.
Using this methodology, MCP-1 and IL-6 expression in adipocytes were not changed by
daidzein. Thus, the methodology used in co-culture assay can influence the results found. As
observed by Sakamoto et al. (2016), in the co-culture using the transwell, in the majority of the
evaluated treatments, we did not find an effect of the defatted soy flour extract rich in daidzein
and genistein in the proinflammatory cytokines concentration, IL-6 and TNF-α. However, the
adverse results found in the present study in some concentrations evaluated could have
occurred due to the use of the transwell system, and not due to the lack of effect of the
compounds present in the extract.

According to the results found by Sakamoto et al. [49], daidzein has a minimal effect on
TNF expression, and so this could imply in little effect in TNF-α protein concentration,
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supporting the results found in the present study, in which the extracts had no effect on this
cytokine. Still, since TNF-α could be the main cytokine responsible for the inflammatory
stimulus present in co-culture, the lack of effect of daidzein on TNF-α may have influenced
the absence of results for the extract on the inflammatory cytokines evaluated.

The exception was the BIE-LK group at 0.4 mg mL−1, which showed a reduction in TNF-α
concentration. This group of cells was also the one with the lowest amount of differentiated
adipocytes (Fig. 5) and lower lipid accumulation after differentiation (Fig. 6). These results
indicate that the biotransformation process carried out with this support, and in the interme-
diate concentration treatment, promoted the best proportion of bioactive compounds with
action on lipogenesis and inflammation.

Conclusion

In this work, the feasibility of different β-glucosidase formulations, in particular,
entrapment in Lentikats and in sol–gel particles, for the hydrolysis of isoflavone
glycosides into the corresponding aglycones was established. Irrespective of the
formulation, the enzyme displayed selective action on daidzin. The isoflavones-rich
soy extracts did not clearly reduce lipid accumulation in the cell culture, however in
some concentrations caused reduction in TNF-α and increased IL-10, showing prom-
ising anti-inflammatory potential. Given the promising exploratory results, further
dedicated research is envisaged in order to gain insight on the biocatalytic system
toward the development of continuous or repeated batch operation, which could pave
the way for a process scalable to commercial use.
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