
ABSTRACT: Soy protein isolate (SPI) is a widely used food in-
gredient and is made by extracting soy flour (SF) under slightly
alkaline pH, followed by precipitation, washing, and drying.
Soy foods and foods containing soy protein ingredients have
great potential in the prevention of cardiovascular diseases and
cancers. These health benefits have been attributed to
isoflavones in soy protein ingredients. However, the current
processing techniques were developed many years ago without
this knowledge. The objective of this study was to investigate
the mass balance of different isoflavones during manufacturing
of SPI and to provide basic information to assist further devel-
opment efforts leading to preservation of soy isoflavones in soy
protein ingredients. The study revealed that only about 26% of
the total isoflavones in SF remained in SPI. The percentages of
total isoflavones lost during extraction, precipitation, and wash-
ing were 19, 14, and 22%, respectively. Washing was the step
where most isoflavones were lost. The isoflavone profile of the
SPI was different from that of SF. The former contained much
more aglucones (genistein and daidzein), while the latter had
almost none. The high content of aglucones in SPI was proba-
bly due to the hydrolysis of glycosides.
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Soybeans have been a valuable resource for humankind by
providing excellent proteins and other nutrients. Dietary soy
proteins have been shown to reduce risks of heart disease
(1–3). There is also increasing evidence that consumption of
soy foods can prevent various cancers (4,5). Researchers have
credited phytochemicals in soybeans, especially isoflavones,
for these beneficial effects. Soy processing technologies cur-
rently employed in the industries were developed without this
knowledge. Therefore, no effort has been made to preserve
these health-promoting phytochemicals during processing.
There is an urgent need for these processes to be evaluated in
terms of their impact on these phytochemicals.

Isoflavones are a class of flavonoids (Fig. 1). They include
daidzein, glycitein, and genistein. They exist in soybeans ei-
ther as glucosides or in free form (aglucones). The glucosides

of daidzein, glycitein, and genistein are called daidzin, glyc-
itin, and genistin, respectively. Six derivatives of the gluco-
sides also exist in soybeans: 6′′-O-acetyl-daidzin, -glycitin,
-genistin; and 6′′-O-malonyl-daidzin, -glycitin, -genistin (6).
All of these isoflavone compounds have been considered as
nonnutrients, because they neither yield any energy nor func-
tion as vitamins. However, they play significant roles in the
prevention of heart diseases and cancers, so they may become
the vitamins of the twenty-first century (7).

The concentration of isoflavones in soy foods and soy in-
gredients varies dramatically. First, the genetics of soybean
cultivars and the environment where soybeans are grown
have a significant impact on the composition and the amount
of isoflavones in soybeans (6,8). Second, processing tech-
niques also may affect the concentration of isoflavones
(6,9,10). Systematic studies are needed to investigate the ef-
fects of processing conditions on the retention of isoflavones.
New processing technology or modifications of existing
processes are needed to minimize the loss of isoflavones dur-
ing processing.

Soybeans are generally processed into soybean oil prod-
ucts and soy protein products (11). Soy flour (SF), soy pro-
tein concentrate (SPC), and soy protein isolate (SPI) are three
major soy protein products. They have different protein con-
tents and are used in different applications. SPI are the most
highly refined soy protein products, with a protein content of
more than 90%. SPI is made by alkali extraction of protein,
to remove insoluble fiber, and subsequent acid precipitation,
to remove soluble sugars. SPI have many applications in the
food industry, including as the major ingredients in health
drinks and as extenders in many meat and dairy products. The
isoflavone content of SPI varies with different suppliers (12).
Little was known about the retention of isoflavones during
each processing step. Therefore, the objective of this study
was to investigate the mass balance of different isoflavones
during manufacturing of SPI.

MATERIALS AND METHODS

Materials. Defatted soy flour was purchased from the Archer
Daniels Midland Company (Decatur, IL). Three isoflavone
standards (genistein, daidzein, and genistin) were obtained
from Sigma Chemical Company (St. Louis, MO).
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Sample preparation. As shown in Figure 2, preparation of
SPI included four steps: extraction, precipitation, washing,
and drying. First, 16 g of soy flour was extracted at pH 8 for
1 h, and the slurry was centrifuged for 10 min at 1000 × g.
Second, the pH of the supernatant was adjusted to 4.5, the
slurry was centrifuged at the same force for the same length
of time, and the precipitates were collected. Third, an equal
amount of fresh distilled water was added to the precipitate,
and the slurry was centrifuged under the same condition. Fi-
nally, the precipitate was collected on a drying plate and dried
in a freeze-drier. Solid waste, whey, and wash water were also
collected, freeze-dried, and weighed.

Isoflavone extraction. A freeze-dried sample (1 g), taken
from different processing steps, was mixed with 12 mL of
80% methanol, stirred for 30 min at room temperature, and
filtered through Whatman No. 42 filter paper (Maidstone,
England). Two 10-mL portions of 80% methanol were used
to wash the filter and the residue. The filtrate was then trans-
ferred to a 50-mL flask, and 80% methanol was used to dilute
the filtrate to the mark. The solution then was filtered again
through a 25-mm 0.4-µm Nylon syringe filter (Scientific Re-

sources, Inc., Eatontown, NJ) before high-performance liquid
chromatography (HPLC) analysis.

HPLC analysis. HPLC was used for the quantitative analy-
sis of isoflavones. This system consisted of a Waters 510
HPLC pump (Milford, MA), a Waters automated gradient
controller, a Spark Holland Basic-Marathon autosampler
(Emmen, The Netherlands), a YMC-Pack ODS-AQ 303 col-
umn (5 µm, 25 × 4.6 mm i.d.) (Wilmington, NC), a Waters
486 tunable absorbance detector, and a Hewlett-Packard
3390A integrator (Avondale, PA). A modified gradient pro-
gram (13) was used to achieve the best separation. Solvent A
(0.1% glacial acetic acid in H2O) was decreased from 85 to
69% over 45 min, while solvent B (0.1% glacial acetic acid
in acetonitrile) was increased from 15 to 31%. A flow rate of
1.7 mL/min was used. The detecting wavelength was 254 nm.
Concentrations of the isoflavones that have purified standards
were calculated from the corresponding standard curves. The
rest of the isoflavones were calculated based on the standard
curve of the corresponding aglucones. All calculations were
conducted on the normalized bases, i.e., all concentrations
and mass balances were calculated with the molecular
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FIG. 1. Chemical structures of soy isoflavones.



weights of the aglucones, without taking the conjugates into
consideration.

Mass balance calculation. Isoflavone concentrations from
all processing streams were expressed as µg isoflavones per g
of dry sample. The actual amount of isoflavones is calculated
by timing the concentration with the total dry weight of the
processing stream collected. The percentages of distribution
were also calculated for the total isoflavones.

RESULTS AND DISCUSSION

The isoflavone concentrations of SF, SPI, and other process-
ing streams are shown in Table 1. All concentrations are cal-
culated on a dry basis (db). Nine of twelve known isoflavones
(6) were detected and quantified. They were genistein,
daidzein, genistin, daidzin, glycitin, acetyl genistin, malonyl
genistin, malonyl daidzin, and malonyl glycitin. Glycitein,
acetyl daidzin, and acetyl glycitin were not detected. The total

isoflavone content of the SPI was 1352 µg/g, while that of SF
was 1512  µg/g. The two were not significantly different. The
total isoflavone content (db) of the byproduct streams, solid
waste, whey, and wash water were 958, 1865, and 28,684
µg/g, respectively. On a db, the wash water fraction had the
highest concentrations of all individual and total isoflavones.
Concentrations of genistin, daidzin, glycitin, acetyl genistin,
malonyl genistin, malonyl daidzin, and malonyl glycitin in
SPI were comparable with those of SF. However, concentra-
tions of daidzein and genistein, the aglucones, were much
higher than that of SF. This may be due to the hydrolysis of
genistin and daidzin during processing.

The isoflavone profiles, comprising the individual isoflavone
percentages of the total isoflavone, of SF and SPI are illus-
trated in Figure 3. As shown in the pie charts, the isoflavone
profile of SPI was different from its starting material SF. The
percentage of genistein in SPI was about 18.2%, while only
1.6% of the total isoflavone in SF is genistein. The percent-
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FIG. 2. Processing steps of soy protein isolate and mass balance of total isoflavones.

TABLE 1
Isoflavone Concentrations of Processing Streams of Soy Protein 
Isolate (SPI) (µg/g)a

Soy flour Solid waste Whey Wash water SPI

Daidzin 121.65b 46.81b 84.45b 1061.13a 44.16b

Glycitin 43.88b 23.89b 41.35b 433.59a 24.26b

Genistin 309.07b 75.54b 135.17b 2949.54a 123.94b

Malonyl daidzin 285.77b,c 129.30c 515.67b 7728.87a 155.33c

Malonyl glycitin 55.03b,c 29.86b 90.53b 1243.14a 33.59c

Malonyl genistin 672.18b 289.11b 797.12c 13247.77a 538.26b

Daidzein 0d 106.50b,c 76.54c 893.11a 125.39b

Acetyl genistin 0c 54.91b 49.50b 401.16a 61.39b

Genistein 24.17c 202.68b 75.37c 726.02a 246.08b

Total isoflavones 1511.74b 958.59b 1865.70b 28684.33a 1352.40b

aWithin a row, numbers with the same letter in their superscripts are not significantly different.



ages of daidzein and acetyl genistin in SPI were also much
higher than that in SF. However, the percentages of genistin,
daidzin, and glycitin in SPI were significantly lower than
those of SF. The increases of genistein and daidzein are ap-
parently due to hydrolysis of the glucosidic forms of
isoflavones during processing. The increase of acetyl genistin
is probably due to conversion of malonyl genistin into acetyl
genistin in the presence of heat, as shown by Wang and Mur-
phy (6). The percentages of malonyl genistin and malonyl
glycitin were slightly higher in SF than in SPI. However, the
percentages of malonyl daidzin decrease significantly in SPI
compared with that of SF. This is an indication that malonyl
daidzin was more unstable than malonyl genistin and malonyl
glycitin under the processing conditions.

Table 2 shows the mass balance of the total isoflavone
among different fractions. The total isoflavone distributions
among different processing streams are also illustrated in Fig-
ure 4. Only about 26% of the total isoflavones in SF remained
in SPI, while 74% was lost during processing. About 19, 14,
and 22% of that went to solid waste, wash water, and whey, re-
spectively. About 19% was not recovered in any fraction. This
unrecovered fraction could be attributed to the following. First,
minor amounts of isoflavone could be lost to the equipment
during the experiment. Second, there could be degradation of
isoflavones during processing. However, degradation was more
likely to be microbiological than thermal-chemical because a

separate experiment has shown that the isoflavone aglucones
were extremely stable to thermal degradation. The conversion
from malonyl forms to acetyl forms or the conversion from the
glucosides to aglucones was not a factor in the unrecovered
fraction because normalized calculations were conducted.

In conclusion, isoflavones were lost in each processing step:
extraction, precipitation, and washing. However, the loss dur-
ing washing was the most severe. Almost 22% of the total
isoflavones in SF was lost during this step. Therefore, the wash-
ing step should be the focus in preserving isoflavones.
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TABLE 2
Distribution of Total Isoflavones Among Processing Streams

Total isoflavones Amount of total 
Dry weight (g) concentration (µg/g) isoflavones (µg) Percentagea

Soy flour 16.70 1511.74 25246.06 100a

Solid waste 5.00 958.59 4792.95 18.98c

Whey 1.93 1865.70 3600.80 14.26d

Wash water 0.19 28684.33 5450.02 21.59c

SPI 4.82 1352.40 6518.57 25.82b

aValues with the same superscripts are not significantly different (P < 0.05). See Table 1 for abbreviation.

FIG. 3. Comparison of soy isoflavone profiles of (A) soy flour and (B) soy protein isolate.

FIG. 4. Total isoflavone distribution among processing streams of soy
protein isolate (SPI).
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