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The present study investigated the changes of the bioavailable isoflavones, including daidzin, genistin,
daidzein, and genistein, during the making of tofu. The amount of extracted daidzin and genistin in
soy milk increased with increasing water-to-bean ratios from 5 to 9 and reached the maximum level
at the ratios of 9-11. On the other hand, the amount of extracted free isoflavones (daidzein and
genistein) was not affected by the water-to-bean ratio at the range of 5-11, and their extracted
amounts in soy milk were 2-4-fold those in raw soybean. It is suggested that these free isoflavones
are mainly derived from daidzin, genistin, malonyldaidzin, and malonylgenistin through enzymatic
hydrolysis during the making of soy milk. Tofu made with water-to-bean ratios of 9:1 and 10:1 had
the maximal retentions of daidzin and genistin, which were due to the fine homogeneous network
microstructure that is supposed to be more effectively retained through hydrophilic interaction with
protein. On the contrary, the retained amount of free isoflavones decreased significantly as the water-
to-bean ratio increased from 7 to 11, due to their weakening hydrophobic interaction with protein. In
this study it was found that the homogeneous microstructure of tofu improved the retention of
hydrophilic daidzin and genistin and that the increased amount of drained water does not significantly
reduce their retention in the final tofu products as generally imagined.
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INTRODUCTION

Recently, increasing evidence has indicated that the consump-
tion of soy-containing foods is associated with lower blood
cholesterol and the rate of osteoporosis, protection against
cardiovascular disease, and reduced incidence of certain cancers
(prostate and breast) (1-3). Results from these studies have
suggested the isoflavones in soybeans might be the contributing
factors.

Twelve isoflavone components have been isolated from
soybeans; three free isoflavones (genistein, daidzein, and
glycitein), and their respective nine glucosidic conjugates. The
glucosides include threeâ-glucosides forms (genistin, daidzin,
and glycitin), three malonylglucosides (6′′-O-malonylgenistin,
6′′-O-malonyldaidzin, and 6′′-O-malonylglycitin), and three
acetylglucosides (6′′-O-acetylgenistin, 6′′-O-acetyldaidzin, and
6′′-O-acetylglycitin). Isoflavones when ingested are metabolized
extensively in the intestinal tracts, absorbed, and transported to
the liver and undergo enterohepatic recycling (4). Intestinal
bacterialâ-glucosidase cleaves the sugar moieties and releases
the biologically active isoflavones, daidzein and genistein, and
in the adult these can be further biotransformed by bacteria to
the specific metabolites, including equol and desmethylango-
lensin metabolites of daidzein andp-ethyl phenol metabolites

of genistein before absorption (5). All of these phytoestrogens
can share the physiological features and behavior of endogenous
estrogens (4). However, it was noted that daidzin and genistin
were readily hydrolyzed by the intestinal bacterialâ-glucosidase,
whereas 6′′-O-malonylglucosides and 6′′-O-acetylglucosides
were not (6, 7). When daidzin and genistin are ingested, daidzein
or genistein appears rapidly in plasma, and thereafter the plasma
profiles were similar to those for the ingestion of the corre-
sponding free isoflavones (8). This evidence in the literature
suggests that the bioavailability of daidzin, genistin, daidzein,
and genistein predominates over the other forms of isoflavones
(6-8).

The processing of soybeans affects the nutritional content of
the soy food products significantly (9, 10). There have been
reports on the isoflavone content of some soybean varieties and
soy foods as well as the effects of processing on these
compounds (11,12). It was suggested that enzymatic hydrolysis,
heat processing, and fermentation significantly alter the free and
bound isoflavones distribution (10).

Hui et al. (13) found a 2-3-fold difference in isoflavone
content between different brands or varieties of tofu. These
variations in isoflavone content may result from different
processing techniques and soybean varieties. According to Wang
and Murphy (10) and Jackson et al. (14), some isoflavones were
lost in the processing steps, which involved soaking, heating,
filtration, and coagulation. The loss of isoflavones was signifi-
cant when the soy milk was separated from okara and coagulated
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to form tofu. Because the extraction and retention of protein
and other water-soluble components of soybean were affected
by the water-to-bean ratios during soy milk and tofu manufac-
turing as reported in our previous research (15), the content and
composition of isoflavones might be influenced as well.
Therefore, the objectives of the present study are to investigate
the effect of water-to-bean ratios on the extraction and retention
of the bioavailable isoflavones (daidzin, genistin, daidzein, and
genistein) in soy milk and to develop the optimal processing
condition for making tofu products with higher amounts of
bioavailable isoflavones.

MATERIALS AND METHODS

Materials. Soybeans of the Ohio FG1 cultivar were obtained from
a local agency. Food grade calcium sulfate dihydrate (Ako Kasei Co.,
Ltd., Hyogo, Japan) was used as the coagulant in the tofu production
and was obtained from Gemfont Corp. (Taipei, Taiwan).

Soy Milk and Tofu Making. Soy milk and tofu were produced
according to the traditional method as follows. The procedure used for
making soy milk and tofu were similar to that published by Cai and
Chang (16) with some modifications. Five aliquots of 300 g of soybeans
were soaked in tap water (3 times bean weight) at room temperature
for 9 h to bring the weight of the soaked beans to∼2.2 times their
initial weight. After the initial soak water had been drained away, tap
water was added to the hydrated beans to a final weight of 1800, 2400,
3000, 3300, or 3600 g to give water-to-bean ratios of 5:1, 7:1, 9:1,
10:1, and 11:1 (w/w), respectively. The mixtures were then ground
with a soy milk grinder (pineapple grinder, Great Yen Electric Food
Grinder Co., Ltd., Taipei, Taiwan) equipped with an automatic
centrifugal filter to separate raw soy milk from the okara. After grinding,
the raw soy milk was further filtered through a 100-mesh sieve to
remove the remaining okara. After the addition of 1 g of antifoaming
agent (containing 90% glycerin fatty acid ester, 5% calcium carbonate,
4.3% soybean phospholipids, and 0.7% silicone resin), the raw soy
milk was heated to 96°C in 20 min and held at this temperature for 5
min. After the soy milk had cooled to room temperature, the weight of
the soy milk was measured. To produce tofu, the boiled soy milk was
cooled to∼73 °C, 50 mL of calcium sulfate solution was added to the
soy milk to give a final CaSO4‚2H2O concentration used in the soy
milk of 0.4% (w/v), and the solution was then stirred at a speed of 250
rpm for 10 s and then incubated for 20 min to form bean curds. The
soybean curd was then broken slightly and transferred into a muslin
cloth-lined stainless steel mold (13× 13× 5.5 cm3) and pressed at 22
g/cm2 for 10 min, at 44 g/cm2 for 10 min, and at 65 g/cm2 for 30 min.
At the end of pressing, the cloth was removed, and the weight of tofu
was recorded. The tofu yield was expressed as grams of fresh tofu per
100 g of soybeans. The tofu was transferred into a plastic bag and
stored at 4°C overnight for subsequent measurements.

Determination of the Protein and Solid Contents and Their
Recoveries.The protein contents in soybean and tofu were determined
in triplicate according to the micro-Kjeldahl method (17). The solid
contents of soybean and tofu were determined by drying a 5 g
homogenized sample in an oven at 105°C until constant weight was
obtained. Protein recovery in tofu was expressed as the amount of
protein in tofu divided by the amount of protein in raw soybean
multiplied by 100% on a dry weight basis. The same calculation was
applied to solid recovery.

Determination of Water Retention Ability (WRA) of Tofu. WRA
was determined according to a modification of the water-holding
capacity (WHC) method of Puppo and An˜ón (18). About 5 g (w1) tofu
was placed on a cotton cloth membrane maintained in the middle
position of a 250 mL centrifuge tube (62 mm× 120 mm). The sample
weight was recorded after centrifugation at 120g for 5 min at 15°C
(w2) and subsequent heating to a constant weight (w3) at 105 °C. The
WRA of tofu was calculated as follows:

Scanning Electron Microscopy (SEM).A JEOL JSM-6300 scan-
ning electron microscope (JEOL USA, Inc., Peabody, MA) was used

to examine the fine structure of tofu made with different water-to-
bean ratios. The procedure used for sample preparation was that of
deMan et al. (19) with some modifications. A small piece of each tofu
sample was fixed at room temperature with 2.5% glutaraldehyde in
0.1 M phosphate buffer (pH 7.1) for 2 h. After five washings with 0.1
M phosphate buffer (pH 7.1) at 10 min intervals, it was then postfixed
with 1% osmium tetraoxide in the same buffer for 90 min at room
temperature. The fixed sample was rinsed five times with phosphate
buffer at 10 min intervals. The sample was frozen in liquid nitrogen
and freeze-dried. The dried sample was finally mounted on an aluminum
stub and sputter-coated with gold/palladium (60:40). The observations
were carried out at 20 kV.

Isoflavone Extraction. The procedure used for isoflavone extraction
was that of Wang and Murphy (10) with some modifications. All wet
samples were freeze-dried except raw soybean. Two grams of dried,
finely ground samples was mixed with 9 mL of double-distilled water
and 10 mL of acetonitrile (ACN), stirred for 2 h atroom temperature,
and filtered through Whatman no. 42 filter paper. The filtrate was taken
to dryness under vacuum at a temperature below 30°C. The dried
material was redissolved in 80% methanol to a final volume of 10 mL
and filtered through a 0.45µm nylon syringe filter (Micron Separation
Inc., Westborough, MA) prior to HPLC analysis. A methanolic solution
of 5000 ppm of benzoic acid was used as the internal standard solution.
One milliliter of internal standard solution was mixed with 9 mL of
sample solution for the HPLC analysis.

HPLC Analysis of Isoflavones. Analysis of isoflavones was
performed by a modification of a method described by Wang and
Murphy (10). A linear HPLC gradient was composed of (A) 0.1%
glacial acetic acid in H2O and (B) 0.1% glacial acetic acid in acetonitrile
(ACN). Following injection of 20µL of sample, solvent B was increased
from 10 to 30% over 60 min, then increased to 90% within the next 3
min and finally to 10% within 2 min, and held at that percentage for
the next 12 min. The solvent flow rate was 1 mL/min. The HPLC
system included Thermo Separation Products ConstaMeric 3200 and
3500 gradient pumps equipped with a Thermo Separation Products
SpectroMonitor 3200 digital UV-vis detector. Peak areas were
integrated using the SISC Chromatography Data Station version 3.0.
A reversed-phase analytical column [Phenomenex Luna C18 (2), 250
× 4 mm, 5 µm] was used to carry out the separation. The eluted
components were detected at 254 nm.

Data Analysis. All results were analyzed by analysis of variance
(ANOVA) using the general linear model (20). Duncan’s multiple-
range test was used to determine differences among the samples.
Significant levels were defined as probabilities of 0.05 or less. All
processing treatments were in triplicate.

RESULTS AND DISCUSSION

Isoflavone Content in Tested Soybeans.The amounts of
daidzin, genistin, daidzein, and genistein in the raw soybean
used in this study were determined by RP-HPLC, and the
contents were found to be 339.9, 363.2, 65.1, and 28.2µg/g of
soybeans (on a dry basis), respectively. These corresponded to
73.0, 75.2, 22.9, and 9.3µmol/100 g of soybeans in that order.
These results were in agreement with the findings of Wang and
Murphy (21), who showed that the daidzin, genistin, daidzein,
and genistein contents in the tested soybean varieties ranged
from 37 to 780µg/g, from 128 to 806µg/g, from 4 to 59µg/g,
and from 7 to 45µg/g of soybeans (on a dry basis), respectively.
Tsukamoto et al. (22) found that not only the variety but also
the crop year, growing location, and growing temperature would
affect the contents of isoflavones in soybean seeds.

Content of Extracted Isoflavones in Soy Milk Prepared
with Different Water-to-Bean Ratios. For basic traditional soy
milk production, soybeans were first washed, soaked, ground
with tap water, and filtered to obtain the soy milk. Most of the
water-soluble nutrients and solids were present in the soy milk,
and the insoluble residue, the okara, contained most of the fiber.
In this study we found that the amount of the extracted daidzin

WRA ) [(w2 - w3)/(w1 - w3)] × 100%
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and genistin in soy milk increased with increasing water-to-
bean ratios from 5 to 9 and reached the maximum level at the
ratios of 9 to 11, whereas the amount of extracted free
isoflavones (daidzein and genistein) was not affected by the
water-to-bean ratio (Figure 1). This is similar to the extraction
efficiencies of protein and other water-soluble components as
reported in our previous research (15). Our previous study found
that the soy milk prepared with water-to-bean ratios of 9:1 to
11:1 had the maximum protein and maximum solid recoveries.

As compared with the raw soybean material, the amounts of
daidzein and genistein in soy milk increased to 2- and 4-fold,
respectively. The results ofTable 1 indicated that this might
be due to the conversion of isoflavone-â-glucosides, such as
daidzin, genistin, malonyldaidzin, and malonylgenistin, to the
free isoflavones by enzymatic hydrolysis. It was well docu-
mented that the amount of daidzein and genistein increased at
the expense of malonyldaidzin and malonylgenistin during
heating (10,23-26).

Content of Retained Isoflavones in Tofu Prepared with
Different Water-to-Bean Ratios.The coagulation step was also
an important reason for the loss of isoflavones in the traditional
style of tofu making. In this study we found that the retention
of isoflavones in tofu was significantly affected by the water-
to-bean ratios used during tofu making. The tofus made with
water-to-bean ratios of 9:1 and 10:1 were found to give the
maximal retentions of daidzin and genistin (Figure 2A). The
amount of retained daidzin and genistin in tofu increased with
the increasing water-to-bean ratios from 5:1 to 9:1 and reached
the maximum at the water-to-bean ratios of 9:1 and 10:1 and
then decreased as the water-to-bean ratio further increased to
11:1. However, the tofus made with the water-to-bean ratios of
5 and 7 were found to have the maximal retention of the free
isoflavones, daidzein and genistein. The amount of retained
daidzein and genistein in tofu decreased with increasing water-

to-bean ratios from 7:1 to 11:1. This might be due to the bigger
holes of the porous microstructure of the tofu made with higher
water-to-bean ratios (Figure 3). The bigger holes could not
prevent the hydrophobic daidzein and genistein from being
drained.Figure 2B shows the isoflavone recoveries in tofu from
soy milk. It indicated that the recoveries of daidzin and genistin
increased from 47 and 64% at a water-to-bean ratio of 5:1 to
the maximum levels of recoveries of about 73 and 96%,
respectively. On the contrary, the recoveries of daidzein and
genistein in tofu from soy milk both decreased significantly as
the water-to-bean ratio increased from 7:1 to 11:1.

Correlations between the Retention of Isoflavones and
Microstructure of Tofu Prepared with Different Water-to-
Bean Ratios.The tofu made with water-to-bean ratios of 9:1
and 10:1 had the maximal retention of daidzin and genistin as
well as the maximal tofu yield, maximal solid and protein
recoveries, and the best WRA (Table 2). In our previously study

Table 1. Contents of the Main Isoflavones in Raw Soybean, Soy Milk, and Tofu through Processinga

µmol/100 g of soybean

daidzin genistin malonyldaidzin malonylgenistin daidzein genistein

raw soybean 73.0 ± 0.8 a 75.2 ± 1.1 a 233.0 ± 4.6 a 158.3 ± 4.4 a 22.9 ± 0.9 c 9.3 ± 0.7 c
soy milkb 61.0 ± 0.1 b 61.2 ± 0.2 b 97.3 ± 2.8 b 72.6 ± 3.9 b 49.2 ± 0.6 a 38.7 ± 0.2 a
tofub 44.6 ± 1.7 c 58.9 ± 0.2 c 18.1 ± 0.7 c 17.6 ± 0.2 c 30.6 ± 0.9 b 25.7 ± 1.0 b

a Means (± standard deviation) bearing the same letters within the same column are not significantly different (P < 0.05). b Soy milk and tofu were made at the
water-to-bean ratio of 10:1.

Figure 1. Effect of water-to-bean ratio on the extracted amounts of daidzin,
genistin, daidzein, and genistein in soy milk. Columns bearing the same
letters are not significantly different (P < 0.05).

Figure 2. Effects of water-to-bean ratio on the retained amount of
isoflavones from soybean (A) and the recovery of isoflavones from soy
milk in tofu (B). Columns bearing the same letters are not significantly
different (P < 0.05).
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(27) we suggested that the tofu had the better uniform and
homogeneous microstructure, retained more water and water-
soluble components in the tofu matrix, and, consequently,
resulted in the maximal tofu yield and maximal protein and solid
recoveries, as well as the better WRA. InFigure 3, the SEM
images of tofu prepared with different water-to-bean ratios
clearly show the different microstructures that were closely
related to their water retention abilities (Table 2). The network
of tofu obtained with a water-to-bean ratio of 5:1 revealed a
dense and compact structure with many small pores (Figure
3A). When the water-to-bean ratio was increased to 7:1, there
was a trend to increase the pore size, regularity, and uniformity
(Figure 3B). The microstructure of tofu made with a water-to-
bean ratio of 9:1 showed the most continuous and uniform
honeycomb-like structure (Figure 3C). However, the network
structure of the tofu prepared with a water-to-bean ratio of 11:1
was discontinuous and had many large broken fragments and
holes (Figure 3D). These events explained why the tofu
prepared with water-to-bean ratios of 9:1 and 10:1 (the SEM
image of tofu prepared at 10:1 is not shown) had a uniform
and continuous tofu network and, consequently, could effectively
trap the maximal amount of hydrophilic daidzin and genistin,
maximal soluble solids, maximal proteins, and much water in
the tofu matrix, therefore resulting in the maximal retention of
daidzin and genistin, as well as the maximal tofu yield and
maximal protein and solid recoveries.

However, the maximal contents of free isoflavones, daidzein
and genistein, were found to be in the tofu made with water-
to-bean ratios of 5 and 7. This result might be due to the
hydrophobic interaction of the free isoflavones with the
hydrophobic area of the protein. We suggest that when the
water-to-bean ratio increased to more than 7:1, the holes of the
protein network would become too big to retain the free

isoflavones by hydrophobic interaction with the hydrophobic
area of the protein molecules. Therefore, daidzein and genistein
were drained away with tofu whey. Consequently, the retained
daidzein and genistein decreased as the water-to-bean ratio
increased. Kohyama et al. (28) reported that hydrophobic
interaction and charge-charge interaction both contributed to
the network formation in Ca2+-induced tofu gel. The protein
aggregation was induced by the hydrophobic interaction of
neutralized protein molecules (28). The strength of the hydro-
phobic interaction between neutralized protein molecules de-
creased with the decreasing compactness and denseness of the
network structure of tofu. We, therefore, speculated that the
association between free isoflavones and protein decreased with
the increasing water-to-bean ratio used in tofu making. There-
fore, we concluded that the tofu prepared with water-to-bean
ratios at 5:1 and 7:1 gave the maximum contents of daidzein
and genistein, as a result of the relatively stronger hydrophobic
interaction between protein molecules and the free isoflavones.

Effects of Water-to-Bean Ratios on the Total Bioavailable
Isoflavones Contents in Soy Milk and Tofu.The amounts of
total bioavailable isoflavones (daidzin, genistin, daidzein, and
genistein) (6-8) in raw soybean material and in the soy milks
prepared with water-to-bean ratios of 5, 7, 9, 10, and 11 were
180.4, 171.9, 177.9, 206.7, 206.8, and 206.6µmol/100 g of
soybeans, respectively. In view of the total bioavailable isofla-
vones content, the water-to-bean ratios of 9, 10, and 11 were
considered to be optimal for soy milk preparation. In addition,
the amounts of total bioavailable isoflavones in the final tofu
products prepared with the water-to-bean ratios of 5, 7, 9, 10,
and 11 were 130.6, 143.1, 160.5, 159.8, and 146.2µmol/100 g
of soybeans, respectively. Accordingly, the water-to-bean ratios
of 9 and 10 were considered to be optimal for tofu making
(Figure 2A).

Furthermore, Matsuura and Obata (29) found that genistein
and daidzein had much stronger aftertastes than their respective
glucosidic conjugates. Consequently, higher amounts of daidzein
and genistein in soy food seemed to have a negative effect on
food quality. Therefore, the tofus made with water-to-bean-ratios
of 5:1 and 7:1 might be unacceptable due to the objectionable
flavor of genistein and daidzein. Consequently, the tofus made
with water-to-bean ratios of 9:1 and 10:1 should be better
because of the weaker aftertastes and the maximal amounts of
total bioavailable isoflavones.

In the studies of Wang and Murphy (10) and Jackson et al.
(14), the water-to-bean ratios employed for tofu making were
11 and 5, respectively. The estimated losses of total bioavailable
isoflavones (daidzin, genistin, daidzein, and genistein) in okara
in the studies of Wang and Murphy (10) and Jackson et al. (14)
were 11 and 54%, respectively. In our study, we concluded that
the optimum water-to-bean ratios for soy milk preparation and
tofu making were in the range of 9-10, and the estimated loss
of total bioavailable isoflavones in okara was 21%. In the study
of Wang and Murphy (10), the much lower loss of isoflavones

Table 2. Effect of Water-to-Bean Ratio on the Properties of Tofua

water/bean
ratio

moisture
content (%) WRAb (%)

protein
recovery (%)

solid
recovery (%)

tofu yield (g of
tofu/100 g of soybeans)

5:1 79.6 ± 0.4 b 72.9 ± 1.9 c 56.2 ± 0.6 d 45.1 ± 0.2 c 195 ± 3 d
7:1 80.2 ± 0.4 ab 75.0 ± 0.2 b 66.2 ± 0.9 c 51.5 ± 0.6 b 230 ± 2 c
9:1 80.4 ± 1.0 ab 76.5 ± 0.1 ab 70.4 ± 0.8 ab 55.5 ± 2.1 a 250 ± 3 a

10:1 80.5 ± 0.5 ab 77.2 ± 0.1 a 70.9 ± 0.7 a 55.9 ± 0.8 a 253 ± 3 a
11:1 81.2 ± 0.3 a 75.5 ± 0.7 b 69.5 ± 0.4 b 53.8 ± 0.4 b 254 ± 2 a

a Mean (± standard deviation) bearing the same letters among the same column are not significantly different (P < 0.05). b Water retention ability of tofu.

Figure 3. SEM images of freeze-dehydrated tofu prepared with various
water-to-bean ratios: (A) water/bean ) 5:1; (B) water/bean ) 7:1; (C)
water/bean ) 9:1; (D) water/bean ) 11:1.
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in soy milk preparation was due to the satisfactory extraction
of isoflavones with sufficient of water, namely, with an amount
of water 11 times the bean weight. However, the free isoflavones
were greatly lost with the drained tofu whey due to the
weakening of their hydrophobic interaction with protein. On
the other hand, the results of the study of Jackson et al. (14)
suggested that the high percentage of total bioavailable isofla-
vones lost in okara was due to the poor extraction efficiency
by using such a low water-to-bean ratio of 5:1.

In this study, the recovery of total bioavailable isoflavones
in tofu was 82% (relative to the amount in raw soybean). This
was significantly higher than those reported by Wang and
Murphy (10) and Jackson et al. (14). Their recoveries were 44
and 49%, respectively.
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