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Abstract
To modulate isoflavone aglycone composition within a soy functional food, soy ingredients were
processed and evaluated in a soy bread system intended for clinical trials. A soy flour/soy milk
mixture (SM) was boiled, fermented, steamed, or roasted prior to dough preparation. The
isoflavone compositions of five processed SM and their corresponding breads combined with and
without β-glucosidase-rich almonds were examined using HPLC. Isoflavone malonyl-glucosides
(>80%) were converted into acetyl and simple glucoside forms (substrates more favorable for β-
glucosidase) in steamed and roasted SM. Their corresponding breads had isoflavones
predominately as aglycones (～75%) with soy–almond bread with steamed SM being more
consumer acceptable than roasted. Isoflavone composition in soy bread was stable during frozen
storage and toasting. A suitable glycoside-rich soy bread (31.6 ± 2.1 mg aglycone equiv/slice)
using unprocessed SM and an aglycone-rich soy–almond bread (31.1 ± 1.9 mg aglycone equiv/
slice) using steamed SM were developed to evaluate fundamental questions of isoflavone
bioavailability in clinical trials.
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Introduction
Designing and selecting an appropriate food vehicle to complement delivery of food
bioactive ingredients to specific sites within the human body (e.g., oral cavity, esophagus,
and small intestines) are fundamental in the development of a functional food appropriate
for clinical trials. Functional foods contain bioactive ingredients that have the potential to
promote health and prevent disease. Therefore, identification and selection of ingredients
abundant in bioactive compounds of interest needs to be at the forefront of design.
Additionally, ensuring the delivery of these bioactive compounds to biological targets is
critical in directing the choice of the food vehicle (Figure 1). For this study, soy isoflavones
in a soy bread model were the example.

Of the several dietary variables of interest, emerging evidence suggests that diets rich in soy
foods are associated with a lower risk of heart disease,1 hormone-dependent cancer,2 and
other age-related diseases.3 Among the soy phytonutrients, isoflavones and their associated
soy protein have demonstrated biological activity.4–10 Soy has functional properties that,
when properly manipulated, can be utilized to manufacture soy baked goods or snack foods
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which can be conveniently integrated into a Westernized diet. Developing food vehicles
appropriate for clinical trials requires substantial amounts of soy, typically ranging from 25
to 50% (～50 mg of isoflavones/day) of the soy food formulation.11,12 Greater quantities of
active ingredients contained in a food vehicle inversely affect dosing frequency. Reducing
dosing frequency aids in compliance during clinical trials. However, >20% soy in baked
goods has detrimental effects on bread quality such as loss of texture (dense and
grainy),13–15 formation of off-flavors (bitter and beany),14,16,17 and loss of dough
durability.18 These challenges reiterate that design and development of food vehicles
inevitably involve the balance of maintaining food quality and optimizing delivery of active
ingredients to biologic targets.

Specifically with soy isoflavones, ongoing discussion remains regarding their
bioavailability, metabolism, and bioactivity.19–24 Isoflavones are naturally occurring
heterocyclic compounds existing in three types (daidzein, genistein, and glycitein) and four
chemical forms (aglycone, β-glycoside, acetyl-glycoside, and malonyl-glycoside). The
aglycones compared to their glycoside forms of isoflavones are hypothesized to be more
bioavailable because they are assumed to be more readily absorbed through passive
absorption by the intestinal enterocytes.19,20 After ingestion, isoflavone glycosides are
suggested to be hydrolyzed by β-glucosidase present in the human intestinal mucosa25 and
intestinal microbiota,26 thereby yielding isoflavone aglycones (daidzein, genistein, and
glycitein). Studies have suggested higher,24 lower,19,23 or no difference in absorption20,21 of
isoflavone glycoside forms compared to their aglycones. These mixed results might be
explained by the different forms and sources in which isoflavones have been administered,
either as pure27 or within a food.19,28 Differences in processing methods, soy food matrix,
isoflavone chemical composition, and other soy phytonutrients are considered to affect the
bioaccessibility and bioavailability of isoflavones in soy products.29–31 For instance, meta-
analysis investigating relative risk for prostate cancer between consumption of
nonfermented (RR, 0.70) versus fermented (RR, 1.01) soy foods underscores the importance
of understanding the role of isoflavone chemical composition and soy food type.32

The various processing methods in manufacturing different soy foods have provided
evidence that significant chemical modifications of isoflavones occur during cooking and
fermentation of soybeans.29,33 Isoflavones exist predominately in their malonyl-glycoside
forms in native soybeans; however, they are sensitive to chemical and enzymatic
transformation during soy food processing. Malonyl- and acetyl-glycoside forms when
heated are susceptible to chemical conversion.34,35 Soy products such as soy milk powder
undergo heated dehydration, and the isoflavone composition, which begins as predominately
malonyl-glycosides, becomes abundant in acetyl-glycosides,29 whereas in fermented soy
products, such as miso, the isoflavone glycosides have been converted to their aglycone
forms by bacterial enzymes.29,33 The principal enzyme responsible for the conversion of
glycosides to the aglycone forms is β-glucosidase, which facilitates the hydrolysis of the
glycoside.36–38 This ubiquitous enzyme is found abundantly in almonds (Prunus dulcis),37

yeast (Saccharomyces cerevisiae),39 wheat flour (Triticum aestivum L.),40 and soybeans
(Glycine max).36

The objectives of this study were to develop and select an acceptable aglycone-rich soy
bread that will be a suitable delivery vehicle of isoflavones in clinical trials and to
investigate factors (proofing, toasting, and storage of soy bread) that may alter the successful
delivery of isoflavones in soy breads used for clinical trials.
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Materials and Methods
Processing Soy Ingredient Mix

All analyses were performed using a patented mix of soy flour and soy milk41 (3:1, soy
flour/soy milk (SM)) from a single 50 lb lot of soy flour and soy milk (Table 1). This
mixture of soy ingredients will be collectively referred to as soy mix (SM). Five different
processing methods were examined. SM was boiled using 80% formula water (30 min in
water bath at 100 °C), microwave heated (1500 W, model R995J Sharp) for 10 min on 50%
power, or incubated with 80% formula water (12 h in water bath at 40 °C). SM was steamed
using a no. 30 sieve in which soy mixture was sandwiched between two filter papers (no.1,
Whatman Inc., Piscataway, NJ, USA), sealed with aluminum foil, and placed over a boiling
water bath. The internal temperature of the steamed SM was measured and maintained at 98
± 2 °C for 2 h. SM was dry roasted by spreading soy mixture on an aluminum baking sheet
(5 mm depth) and heated for 60 min at 175 °C. SM was fermented with 80% formula water,
covered with polyethylene wrap (Fisherbrand, Fisher Scientific Inc., Fair Lawn, NJ, USA),
and stored at ambient conditions (25 ± 5 °C) for 96 h. Many other variations in fermentation
(3–10 days) and thermal processing such as boiling with 1% acetic acid solution and frying
were examined but produced bread with poor quality and taste; therefore, these variables
were not included in the results or discussion.

Preparation of Soy and Soy–Almond Bread
All ingredients were measured to produce a finished dough weighing 1200 g using the
proportions described in Table 1. Whole raw almonds (Whole Foods, Austin, TX, USA)
were frozen and ground into meal no more than 30 min prior to dough formation using a
commercial blender (model 50200MP, Hamilton Beach Brands Inc., Glen Allen, VA, USA)
and passed through a no. 20 stainless steel sieve (USA Standard Testing Sieve) prior to
inclusion. The soy (SB) and soy–almond breads (SAB) were produced using a sponge-
dough process. Two sponge mixtures were prepared. Sponge A (flour, gluten, yeast, and
water) was stored under ambient conditions for 2 h. Sponge B (untreated or processed soy
mixture and water with or without almond meal) rested in an electric proofing cabinet
(CM2000 combination module FlavorView InterMetro Industries Corp., Wilkes-Barre, PA,
USA) set at maximum humidity (90–100% RH) at 40 °C for 2 h. The two sponge mixtures
were combined with the addition of remaining dry ingredients and water in a 5 qt bowl
KitchenAid planetary mixer (model KV25GO, KitchenAid, St. Joseph, MI, USA) affixed
with a dough hook attachment. The dough was developed for 15 min. Loaves were formed,
panned, and proofed in a high-humidity proofing cabinet at 40 °C for 60 min. Proofed
loaves were baked for 50 min at 150 °C in a convection oven (jet air oven, model JA14,
Doyon, Liniere, Quebec, Canada). Breads were determined to be done once an internal
temperature of 95 ± 2 °C was achieved. Finished loaves were cooled for 4 h and stored in
sealed polyethylene bags. Because the water content among the many processed soy
ingredients varied and these differences in moisture were suspected to affect final isoflavone
concentration, the formula water used during dough production was adjusted to balance for
differences in moisture content between the treated and untreated soy ingredients. Formula
water was adjusted to target the SM moisture content to 13%.

Analysis of Isoflavones
Chemicals—HPLC grade acetonitrile (ACN), acetic acid, methanol (MeOH), and water
were purchased from Fisher Scientific (Fair Lawn, NJ, USA). Dimethyl sulfoxide (ACS
spectrophotometric grade) was from Sigma-Aldrich (St. Louis, MO, USA). Daidzein,
genistein, glycitein, daidzin, genistin, glycitin, acetyl-daidzin, malonyl-genistin, and acetyl-
genistin were from LC Laboratories Division (PKC Pharmaceuticals, Inc., Woburn, MA,
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USA) and acetyl-glycitin, malonyl-daidzin, and malonyl-glycitin from Wako Chemicals
USA, Inc. (Richmond, VA, USA).

Sample Preparation
(a) Soy Ingredients and Soy Breads: Processed SM was sampled from each processing
method, and three replicates were sampled from eight different batches. In finished soy
breads with or without almond, three replicate samples were collected using a ground center
slice of eight loaves baked during eight baking days. Bread samples were freeze-dried,
ground to a fine powder using a mortar and pestle, and stored at −25 °C. Using methods
described by Ahn-Jarvis and colleagues, isoflavones were extracted from soy and bread
samples (500 mg) using 60% aqueous ACN solution (10 mL).42 Extracts were dried under
nitrogen and stored at −80 °C until HPLC analysis. Extracts were redissolved in 80% MeOH
for HPLC analysis.

(b) Soy and Soy–Almond Dough Proofing: Three replicate dough samples (1.0 g) were
collected from three batches of SB with untreated SM and of SAB with steamed SM
immediately after development of the sponge (10 min) and at 60, 120, and 180 min in a
humidified proofing cabinet (40 °C). The samples were quickly weighed and immediately
extracted for isoflavones first with 100% ACN followed by 60% ACN, as described earlier.

(c) Soy Bread and Soy–Almond Bread Toasting Studies: Two candidate soy breads (SB
with untreated SM and SAB with steamed SM) that were to be used for clinical trials were
toasted using a vertical pop-up toaster (Hamilton Beach, type T71, 780 W). Toast samples
were collected prior to toasting (0 min) and after 1, 2, 3, and 4 min of toasting. Replicate
samples were from three loaves of SB or SAB baked on three different baking days.
Samples were freeze-dried, aliquoted (500 mg), and extracted for isoflavones as described
previously.

HPLC Analysis—A Waters model 2690 HPLC equipped with a Waters 2996 photodiode
array detector (PDA), autosampler (10 °C), and column heater at 30 °C (Waters Associates,
Milford, MA, USA) was used for the isoflavone analysis of the soy and bread extracts.
Reversed phase HPLC using a 3.0 × 100 mm, 3 μm particle, Symmetry PS C18 column
(Waters Associates) affixed to a Waters guard column was used. A binary mobile phase (1%
aqueous acetic acid/ACN) gradient began at 95:5 for 2 min, progressed linearly to 65:35 in
23 min and to 25:75 in 2 min, and returned to 95:5 in 2 min for a total run time of 29 min.
Injection volume was 10 μL.

Authenticated standards were prepared as described by Ahn-Jarvis and colleagues. In brief,
authenticated standards were solubilized in MeOH, or small amounts of dimethyl sulfoxide
were added to help crystals into solution. Calibration curves with correlation coefficients (R2

= 0.996 ± 0.002) were generated from a working mixture. HPLC peak areas of each IF were
analyzed and quantified using Empower Pro (Empower 2.0, Waters Associates) software.
Glycitein and malonyl- and acetyl-glycoside standards were always prepared just prior to
use because these standards are known to be unstable in dilute aqueous solutions.

Sensory Analysis
The Ohio State University human subjects Institutional Review Board approved exemption
(NIH, category 6) for this study (Exempted Research OSUIRB#2009E0656). Participants
were prescreened and discouraged from participating if they had allergies to wheat, rye, soy,
and almonds; were pregnant or nursing women; or had color blindness or difficulty with
discerning brown colors. Completed consumer acceptance evaluations were received from
60 participants. Sample preparation and experimental conditions for consumer acceptance
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and descriptive analyses are described in detail by Ahn-Jarvis and colleagues.43 A nine-
point hedonic scale was used to assess overall acceptability and acceptability of flavor,
texture, and color of six soy breads (one SB and five SAB variables).44

Statistical Analysis
All statistical analyses were performed using IBM SPSS Statistics, version 19.0 (SPSS,
IBM, Somers, NY, USA). For SM, soy, or soy–almond bread data the mean ± standard
deviation (SD) was derived from 24 samples (4 replicates from 6 different batches of each
processing variable of SM, SB, or SAB). Isoflavone content was reported as miligrams of
AE per gram of dry mass (DM) or as micrograms of AE per gram of soy mix, soy, or soy–
almond bread dry mass. For the proofing and toasting studies the reported mean ± SD
reflects nine replicates (triplicate analyses from three different batches) for each time point.
Comparisons of SM, soy bread, and soy–almond bread were done using a two-factor
repeated-measures analysis of variance with interaction terms for comparison of processing
treatment and individual isoflavones or chemical forms (aglycones, β-glucosides, acetyl-
glucosides, or malonyl-glucosides). Similarly, significant changes in isoflavones during
proofing were evaluated using a two-factor repeated-measures analysis of variance with
interaction terms for comparison of proofing duration (time) and chemical forms. When a
factor effect or an interaction was considered to be significant (F test, p < 0.05), a Tukey–
Kramer multiple-means comparison test was used to identify different groups. Significant
differences were considered with comparisons with p < 0.05. Differences in consumer
acceptance among the six soy breads evaluated were reported as the mean ± SD, and
significant differences among groups were discerned using ANOVA with Tukey's post hoc
tests.

Results
Isoflavone Composition in Processed Soy Mix

A mixture of soy milk powder (protein, 49%; fat, 25%; and carbohydrates, 31%) and
defatted soy flour (protein, 53%; fat, 3%; and carbohydrates, 44%) was used to investigate
the effects of processing on modulating the isoflavone composition of finished soy breads
with and without almonds. The 12 chemical forms of soy isoflavones observed in the
processed and unprocessed soy mixture (SM) are reported in Table 2 and were used to
derive the isoflavone composition (aglycones, β-glucosides, malonyl-glucosides, and acetyl-
glucosides) of the SM variables reported in Figure 2A. The total isoflavone content in SM
did not significantly change with processing (p = 0.880). Although changes in aglycone
content (4–9%) from processing were not distinctively different, the composition of
glycoside forms had significant differences. In particular, malonyl-glycosides clustered into
three different groups with roasted having 6% of it is total isoflavones as malonyl-glycosides
followed by steamed (30%), fermented (32%), boiled (46%), and then untreated (54%)
having had the most (Figure 2A). Roasted SM had the highest composition of acetyl-
glycosides (41%) compared to all other treatment variables. Notably, no significant
differences in the composition and content of isoflavones were observed between boiled,
microwave heated, and incubated SM or their corresponding soy and soy–almond breads;
hence, these experimental variables were collectively regarded as boiled.

Isoflavone Composition in Soy Bread
Soy breads (6% fat, 26% protein, and 68% carbohydrates) with untreated or processed SM
were used to investigate the changes in isoflavone content during the breadmaking process
(sponge development, sponge fermentation, dough proofing, and bread baking). Similar to
SM, quantities of individual isoflavones in soy and soy–almond bread are reported in Table
3 and were used to derive the isoflavone profile in Figure 2B,C. No significant differences in
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total isoflavone content were observed in finished soy breads (p = 0.998) (Table 3).
However, aglycone content increased significantly in breads with roasted and steamed SM
having the greatest aglycone content (～50% aglycones of total isoflavones), followed by
fermented (31%), and untreated and boiled SM having the least (16%) (Figure 2B).
Proportionate decreases in glycoside forms were observed in SB. Specifically, SB with
fermented, steamed, and roasted SM had a 25 ± 8% decrease in β-glycosides, and SB with
untreated and boiled SM had a 9% decrease in malonyl-glycosides compared to their SM.

Isoflavone Composition in Soy–Almond Bread
Soy–almond breads (8% fat, 26% protein, and 66% total carbohydrates) with untreated or
processed SM were used to investigate the effect of almond meal (rich in β-glucosidase) in
enhancing isoflavone conversion into aglycones during the breadmaking process. No
isoflavones were detected in almond meal (limits of quantification, S/N 10, 0.26–13.4 μmol/
g). The total isoflavones of the various SAB did not significantly vary (p = 0.551) (Table 3).
In SAB aglycone content was greater than that of the corresponding SB. The highest content
of aglycones was in SAB with roasted and steamed SM (～75%) followed by fermented
(53%), then boiled, and untreated (～31%) SM having the least (Figure 2C). Corresponding
decreases in glycoside forms were observed in the various SAB. Specifically, β-glycosides
and malonyl-glycosides were the lowest in SAB with steamed (10%) and roasted (7%) SM,
followed by fermented (～20%), and greatest in untreated (31%) and boiled (29%) SM.

Sensory
Sensory evaluations were conducted to select for an acceptable soy bread with high
glycoside content and another with high aglycone content for use in clinical trials evaluating
the bioavailability of isoflavones. For consumer testing, SB with untreated SM and SAB
with five types (untreated, boiled, fermented, steamed, and roasted) of SM were evaluated
(Figure 3). Although SAB with roasted SM had the greatest aglycone content, consumer
acceptability indicated that roasted was not an acceptable SAB. However, overall
acceptability of SAB with steamed SM (6.4 ± 0.6) was comparable to that of SB (6.2 ± 0.8).
SAB with roasted SM had significantly the lowest acceptability scores for flavor (3.8 ± 0.7),
aroma (4.0 ± 0.8), texture (5.1 ± 0.9), crumb color (5.2 ± 1.0), and crust color (5.8 ± 1.0).
The acceptability scores of SAB with steamed SM for flavor (6.4 ± 0.8), aroma (6.5 ± 0.8),
texture (6.5 ± 0.9), crumb color (6.8 ± 0.8), and crust color (7.1 ± 0.8) did not significantly
differ from those of soy bread.

Isoflavone Composition in Soy and Soy–Almond Bread during Proofing
Changes in isoflavone composition during the breadmaking process were observed in soy
bread with untreated SM and in SAB with steamed SM (two soy breads selected for use in
clinical trials) (Figure 4). Mass spectroscopy was used to verify the identity of all
isoflavones analyzed (data not shown). The total isoflavone content in the two soy breads
did not differ between the two breads and was not altered by the breadmaking process (p =
0.221). Although starting glycoside compositiona significantly differed (p = 0.014) between
the two soy bread types, starting aglycone contenta in SB (0.028 ± 0.007 μmol/g of dough)
and SAB (0.017 ± 0.003 μmol/g of dough) did not significantly differ (p = 0.434). However,
significant changes in aglycone content were observed in SAB (p = 0.001) 10 min after
sponge assembly. The aglycone content increased to 7% (0.053 ± 0.008 μmol/g of dough) of
total isoflavones at 10 min, to 49% (0.394 ± 0.044 μmol/g of dough) at 1 h, to 65% (0.529 ±
0.081 μmol/g of dough) at 2 h, and to 75% (0.620 ± 0.098 μmol/g of dough) at 3 h. In SB
dough significant change in aglycone content were delayed to 1 h of the sponge period,
when the aglycone content increased to 6% (0.047 ± 0.009 μmol/g of dough) and then to
15% (0.125 ± 0.027 μmol/g of dough) at 2 h and to 17% (0.142 ± 0.031 μmol/g of dough) of
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total isoflavones at 3 h. The increase in aglycones during the bread processing period was
associated with a concomitant decrease in glycoside forms within SB and SAB (Figure 5).

Isoflavone Composition in Soy and Soy–Almond Bread with Toasting
The composition and total isoflavone concentration (μg AE/g of DM) of the SB and SAB
did not significantly change (p > 0.05) during storage (−25 °C) and were as follows: 597.2 ±
42.5 (day 0), 594.4 ± 32.8 (day 30), 589.6 ± 40.9 (day 90), and 593.9 ± 38.2 (day 180);
however, bread texture had changed. Toasting improved the texture. The effects of toasting
on isoflavone composition were examined in SB and SAB because significant differences in
the isoflavone composition in soy bread crumb and crust had been observed in earlier
studies.10 A significant decrease in total isoflavones was observed after 3 min of toasting (p
= 0.045) (Figure 6). Although the aglycone contents between SB (0.108 ± 0.012 mg AE/g of
dm) and SAB (0.342 ± 0.014 mg AE/g of dm) were significantly different (p = 0.003), the
aglycone content from toasting was not significantly affected within SB (p = 0.998) or
within SAB (p = 0.168). However, a significant decrease in glycoside forms was observed.
In particular, β-glycosides (p = 0.001) and malonyl-glycosides (p = 0.023) in soy breads
decreased by 7 and 8%, respectively, in breads toasted for >3 min. Similarly, SAB when
toasted for >3 min had a significant decrease in β-glycosides (p = 0.005) by 22%, acetyl-
glycosides (p = 0.006) by 26%, and malonyl-glycosides (p = 0.038) by 25% compared to
untoasted SAB.

Discussion
Functional foods intended for clinical use not only need to maintain their identity as a food
but need to perform as dietary food vehicles capable of delivering food-bioactive
compounds to the target site, at a concentration sufficient to induce a biological response.
Drawing from insights gained in drug development, a functional food was developed using a
systematic approach (Figure 1). Once soy isoflavones were identified as the compound of
interest, they were characterized in soy ingredients, chemically modulated to potentially
improve their bioavailability, and monitored for stability and homogeneity during
production, storage, and administration.

A sponge-dough breadmaking process was used to make significant changes in isoflavone
composition. Relative levels were expressed as percent aglycones (100 × total aglycones/
total isoflavones), or the three glycoside forms (100 × total β-glycoside, acetyl-glycosides,
or malonyl-glycoside/total isoflavones) of the total isoflavones were used to compare the
changes in isoflavone composition because soy concentrations differed between SM and soy
breads. Although the percent aglycones in SM were not significantly different, the percent
aglycones significantly increased in the finished soy breads with and without almond meal.
In the SM significant changes were found in the glycoside composition. Most notably,
roasted SM had the greatest percentage of acetyl-glycosides, steamed SM had the greatest
percentage of β-glycosides, and untreated and boiled SM had the greatest percentage of
malonyl-glycoside. Toda and colleagues reported isoflavone compositions in cooked,
steamed, and roasted soybeans that were similar to those found in this study.45 Moreover,
Murphy and colleagues had similar findings in toasted soy flour (150 °C for 4 h) with a
significant increase in acetyl-glycosides with a corresponding decrease in malonyl-
glycosides and no significant change in aglycones or degradation of isoflavones.34

In soy breads the percent aglycone increased with untreated/ boiled SM by 15%, with
fermented SM by 22%, and with steamed and roasted SM by 50%. This increase in aglycone
content in soy breads may be attributed to the endogenous β-glucosidase activity shown to
be present in the various soy bread ingredients with the soy mix lending perhaps the greatest
activity and specificity.46 Sponge fermentation at 40 °C and the neutral pH of bread system
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(pH 5.5–6.5) provide the optimal conditions for β-glucosidase activity.37,46 Isoflavone
changes observed during our proofing studies mirror those reported by earlier studies; β-
glucosidase activity was found to be highest during sponge fermentation, and the resultant
conversion of soy isoflavone glycosides to aglycones can be associated with the β-
glucosidase endogenous in untreated soy.38,47

Conversion of glycosides to aglycone was enhanced when almond meal, a natural source of
β-glucosidase, was added to the formulation (5% w/w) using the same fermentation period.
The aglycone content doubled in SAB with untreated and boiled SM compared to their soy
bread counterpart from 15% to 32%. Similarly, SAB with fermented SM had a 22% increase
in aglycone content over their soy bread analogue. SAB with steamed and roasted SM had
>74% aglycone content, which was the highest of all variations studied. Almond β-
glucosidase has been observed from previous studies to hydrolyze the glucose moiety from
the simple β-glycoside of isoflavones but not the malonyl- or acetyl-glycoside forms.36,37,48

However, endogenous β-glucosidase isolated from soybean roots36,49 was capable of
cleaving malonyl forms of isoflavone glycosides in early studies. Chuankhayan and
colleagues reported that endogenous β-glucosidase in soy flour hydrolyzed 29% of the
acetyl-glycosides.50 The elevated levels of aglycone in SAB variants compared to SB
suggest that almond β-glucosidase provides the critical increase in β-glucosidase activity
over soy β-glucosidase alone.

Processing the SM prior to their addition into the soy bread system changed the proportion
of the various isoflavone species. Specifically, fermented, steamed, and roasted SM had the
lowest quantities of malonyl-glycosides. Early studies have reported that under heat (>100
°C) and neutral pH isoflavone standards convert into glycoside forms that are more
energetically favorable.35,51 Chien and colleagues reported that isoflavones (genistein and
their glycoside forms) when heated (100 °C) under moist and dry conditions result in a rate
of conversion from malonyl-genistin to genistin (k = 1.80/h) that is greater than conversion
to the acetyl-genistin (k = 0.773/h),51 whereas Mathias and colleagues observed the same
demalonylation of isoflavone standards under moist conditions but the conversion of
malonyl-glycosides to acetyl-glycosides under dry conditions.35 These same changes in
malonyl-glycosides under moist and dry heating were observed in soy flour and soy milk
processing.52 Changes made to the glycoside composition of SM in combination with
almond meal and dough fermentation conditions could explain the higher levels of
aglycones in the SAB with steamed and roasted SM.

Once isoflavone composition was successfully manipulated, sensory evaluation was used to
select for glycoside-rich and aglycone-rich soy breads. To ensure that the therapeutic intent
of the soy breads is being achieved and not being biased by inconsistencies in dietary
compliance, the overall liking of the two interventional agents needs to be similar.53,54 In
earlier studies, aglycones have been associated with producing bitter flavors in soy
foods.17,55 Therefore, several translations of SAB with various percentages of aglycone
were screened. SB with untreated SM containing 15% aglycone and SAB with steamed SM
containing 74% aglycone were selected as dietary intervention tools for clinical trials
evaluating isoflavone bioavailability.

Controlling and maintaining isoflavone composition during large-scale production is equally
as critical as selecting the proper study agents. Proofing duration affects bread quality15,16

and isoflavone composition.38,47 In this study, changes in aglycone content were observed
as early as 10 min after sponge formation in SAB but after 60 min in SB. Although no
changes in total isoflavone content were observed, proofing studies showed that aglycone
content increased with longer proofing times in SAB but not in SB.38,56 Therefore, proofing
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time was carefully monitored during commercial production of soy breads to minimize
differences in aglycone content between batches.

Before the selected soy breads can enter the clinical phase of functional food development,
isoflavone stability during storage, distribution, and administration (dietary use) was
evaluated. Storage of soy breads in residential freezers (−25 °C) for 6 months showed no
change in isoflavone content or composition, although texture was compromised. Toasting
improved the palatability of these soy breads. Alterations in isoflavone composition from
study participants heating soy breads during a clinical trial may introduce added variability,
especially because previous studies have shown that heating soy foods can cause changes in
isoflavone composition.29,52,57,58 Findings from this study reveal that soy breads could be
warmed for no more than a couple of minutes, and no browning can occur to maintain
isoflavone composition.

The process of preclinical functional food development was applied using soy bread as the
model for isoflavone delivery. Chemical modulation of the isoflavones to potentially affect
their bioavailability in soy breads was achieved. Conventional breadmaking methods using a
sponge-dough technique enhanced the conversion of isoflavone glycosides to their
respective aglycones. The combination of processed soy mix and almond meal enhanced the
conversion of glycosides to their respective aglycones. Two acceptable soy breads, one
glycoside-rich (15% aglycones) and the other aglycone-rich (74% aglycones), were
developed and selected for use in future clinical trials. This functional food innovation will
be used as a tool to address questions of isoflavone absorption, metabolism, and biological
impact in clinical trials.
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Figure 1.
Preclinical phase of functional food development beginning with identification of target
food bioactive proceeding to design of food vehicle and then to selection of final
candidate(s) for clinical trials.
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Figure 2.
Distribution of aglycones, β-glycosides (B-glycoside), acetyl-glycosides, and malonyl-
glycosides among the various processing treatments: (A) soy ingredient mix; (B) soy bread;
(C) soy–almond bread.
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Figure 3.
Consumer acceptance (n = 60) of soy with untreated SIM and soy–almond bread (SAB) with
untreated, fermented, steamed, and roasted SIM. One-way ANOVA comparison of nine-
point hedonic scores among the five soy breads. Significant difference (p ≤ 0.05) is
indicated by different letters.
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Figure 4.
Obtained HPLC chromatograms (260 nm) of steamed soy–almond bread starting with
untreated soy mix (bottom) to steamed soy mix to finished steamed soy–almond bread (top).
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Figure 5.
Changes in isoflavone composition (n = 9/time point) during sponge fermentation, dough
proofing of soy bread (SB) and soy–almond bread (SAB) with steamed SM over a 3 h
period (40 °C at 95 ± 5% RH) prior to baking.
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Figure 6.
Changes in isoflavone composition in SB (top) and SAB (bottom) during toasting (150 °C).
One-way ANOVA (n = 9) was used for comparison of total isoflavone content among
various time points. Significant difference (p ≤ 0.05) is indicated by different letters.
Aglycone, combined daidzein, genistein, and glycitein; B-glycoside, β-glycoside.
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Table 1
Ingredients and Formulation of Soy Bread and Soy–Almond Bread

ingredient soy bread (% wet
basis)

soy–almond bread (%
wet basis)

water 36.4 36.4

high gluten enriched bromated wheat flour (Bouncer, Bay State Milling, Quincy, MA, USA) 38.7 35.7

vital gluten (Hodgson Mill, Effingham, IL, USA) 0.9 0.9

defatted soy flour, Baker's Nutrisoy (ADM Protein Specialties Division, Decatur, IL, USA) 14.2 14.2

soy milk powder, Benesoy (Devansoy, Carroll, IA, USA) 4.7 4.7

Crisco vegetable shortening (Proctor & Gamble, Cincinnati, OH, USA) 1.9 1.8

sugar (Domino Foods Corp., Yonkers, NY, USA) 1.9 1.8

instant active dry yeast, SAF instant (Lesaffre Group, Marcq-en-Baroeul, France) 0.3 0.3

kosher salt (Morton International Inc., Chicago, IL, USA) 0.8 0.8

dough conditioner (Caravan Products Co., Totowa, NJ, USA) 0.1 0.1

whole raw almond meal (Whole Foods, Austin, TX, USA) 0 3.2
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