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The study focused on the effects of processing and storage on the stability of flaxseed-derived
secoisolariciresinol diglucoside (SDG) added to various bakery products. The SDG concentration of
doughs, baked rye breads, graham buns, and muffins was analyzed by high-performance liquid
chromatography-diode array detection; the baked products were analyzed immediately after baking
and upon storage at room temperature for 1 week and at -25 °C for 1 and 2 months, respectively.
Added SDG was found to withstand normal baking temperatures in all bakery products. SDG also
was a relatively stable compound during storage. Similarly, the content of SDG in flax buns containing
fat-free flaxseed meal was unaffected by storage. We conclude that cereal-based bakery products
can be supplemented with flaxseed-derived SDG.
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INTRODUCTION

Lignans, which are diphenolic compounds containing a 2,3-
dibenzylbutane skeleton (1), are found in higher plants such as
flax and other oilseeds, cereals, vegetables, berries, and fruits,
as well as tea and wine (2-6). Flaxseed (Linum usitatissimum
L.) is one of the richest sources of lignans used in the human
diet. The major lignan in flaxseed is secoisolariciresinol, which
is present as a diglucoside linked to oligomers by 3-hydroxy-
3-methyl glutaryl esters (7, 8). The secoisolariciresinol diglugo-
side (SDG) content in flaxseeds has been reported to vary from
6100 to 13300 mg/kg (9), which corresponds to a secoisolar-
iciresinol content of 3400-7400 mg/kg. Flaxseed also contains
small amounts of matairesinol, pinoresinol, lariciresinol, and
isolariciresinol (10-12).

Intestinal bacteria convert plant lignans, e.g., matairesinol,
secoisolariciresinol, lariciresinol, and pinoresinol, in the colon
into the mammalian lignans enterodiol and enterolactone, which
exhibit weak estrogenic activity (1, 13, 14). Lignans are of great
interest because many in vitro and animal studies have shown
that they may have a protective role against several diseases
that are predominant in the Western countries, such as breast,
prostate, and colon cancers (15-17), as well as against
cardiovascular diseases and diabetes (18-21). The research on
flaxseed lignans in disease prevention has been recently
reviewed by Westcott and Muir (22). Also, several reviews

considering health effects of phytoestrogens have been published
in the past few years (23-25).

Flaxseed can be incorporated into various food products to
increase the intake of lignans. Traditionally, this has been done
by adding flaxseed to bread either as whole seeds or in the form
of ground flaxseed meal. However, the characteristic flavor of
flaxseed may limit its other applications in foods. More recently,
the development of dehulling techniques has made it possible
to separate a lignan-rich hull fraction from flaxseed (26-28),
and several hull preparations are now commercially available.
On the other hand, the possible presence of harmful substances
such as cyanogenic glycosides (29) and cadmium (30) in flax
has to be taken into account if the use of flaxseed in our diet is
to be increased. Supplementation of bakery products with SDG
isolated or enriched from flaxseed, thus, offers an attractive
approach to be investigated. So far, the stability of lignans during
processing has been evaluated only in few studies. Muir and
Westcott studied the stability of SDG during the bread-making
process (31). In another study, Liukkonen et al. studied the
lignans of sourdough rye bread during fermentation and baking
(32).

This study examines the effects of processing and storage
on the stability of added SDG, isolated from flaxseed or added
in the form of defatted flaxseed meal, using several different
bakery products as a model.

MATERIALS AND METHODS

Chemicals and Reagents.All solvents and reagents used in the study
were of analytical grade. The graham flour (Kotisämpylä, Kemio¨n
Mylly, Finland) for buns, the rye flour mixture (Myllärin ruisleipäaines,
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Helsingin Mylly Oy, Finland) for sour rye loaves, and the fine wheat
flour (Sunnuntai, Raisio, Finland) for muffins were purchased from a
local grocery store. The rye flour mixture contained freeze-dried sour
rye dough and yeast to provide a starter culture for leavening. The
original SDG used as a reference was a gift from Dr. Neil Westcott
(Agriculture and Agri-Food Canada, Saskatoon, Canada).

Isolation and Purification of SDG from Flaxseed.Ground flaxseed
meal from the cultivar Helmi (Elixi Oil Oy, Somero, Finland),
containing about 15% of residual fat, was defatted by pilot-scale
supercritical extraction (Chematur Engineering, Karlskoga, Sweden).
The extraction was conducted at a pressure of 450 atm at 70°C for 5
h, followed by extraction for 2 h with supercritical carbon dioxide
modified with ethanol. After extraction, the fat-free crush was ground
to a flour (sieve< 0.55 mm).

An amount of 100 g of fat-free flaxseed powder was hydrolyzed by
2 L of 1 M sodium hydroxide in absolute methanol overnight with a
magnetic stirrer at room temperature. After hydrolysis, the pH was
adjusted to slightly acidic with concentrated hydrogen chloride, and
the slurry was centrifuged at 5000gfor 5 min. The supernatant was
evaporated to near dryness with a rotary evaporator. Next, 25 g of
preparative C18 bulk material (Waters C18, 125 Å, Milford, MA) and
25 g of Celite 577 (Fluka Chemie, Buchs, Switzerland) were added to
the residual, and the residual solvent was evaporated. A number of
such batches were prepared and combined.

Thereafter, 130 g of solid sample was injected into a Biotage 75
flash chromatograph (Biotage, Charlottesville, VA) via a solid injection
module. The cleanup was achieved with a Biotage C18-cartridge (75
mm × 300 mm) using 10 L of 3% methanol-water and followed by
5 L of 40% methanol-water as eluents. Several fractions were collected
and analyzed by high-performance liquid chromatography (HPLC). The
fractions containing SDG were evaporated to near dryness in a rotary
evaporator and finally freeze-dried to obtain a slightly yellowish powder.
The purity of isolated SDG was at least 95%.

Quantitation of SDG. The analytical HPLC instrument used for
SDG identification and quantitation was an HP series 1100 system
(Hewlett-Packard, Waldbronn, Germany) equipped with a diode array
detector. Nova Pak C18 (3.9 mm× 150 mm, 4µm, Waters) was used
as the analytical column with 0.05 M phosphate buffer (A), pH 2.4,
and methanol (B) as a mobile phase (5-90% B in 25 min, hold at
90% for 2 min, and finally 90-5% in 3 min) at 0.9 mL/min. SDG was
quantitated at 280 nm. For identification purposes, the UV/vis spectra
were recorded at 190-400 nm.

Preparation of Bakery Products. Graham Buns.Three graham
flour-based bun batches were made for the testing of stability using
the same basic recipe. Also, one batch of SDG buns was made for the
testing of the effect of proofing using the same recipe.The control buns
were baked with graham flour only. One of the batches was baked
with added SDG (SDG buns) and one with 10% of the graham flour
replaced by fat-free ground flaxseed flour (flax buns). To make the
graham buns, 50 g of yeast, 250 mg of SDG, and 2 tsp of salt were
dissolved in 5 dL of lukewarm water, followed by the addition of 800
g of flour. The dough was mixed and then proofed for 1 h and shaped
into 40 small buns. Before baking at 225°C for 15 min, the buns were
proofed for an additional half hour. When cooled, the buns were packed
into plastic bags. Samples were taken from the dough and from the
buns after baking, after storage for 1 week at room temperature, and
after storage for 1 and 2 months at-25 °C.

Rye Breads.Rye bread was made with the following recipe. The
rye loaves, referred to as SDG bread, were made by dissolving 250
mg of SDG in 9 dL of water followed by the addition of 900 g of rye

flour mixture. After careful mixing, the dough was proofed for 1 h,
shaped into three loaves, and subjected to a second proofing for 40
min. The loaves were baked at 250°C for 25 min. The bread was
packed in plastic bags. Samples were taken from the dough and from
the breads right after baking, after storage for 1 week at room
temperature, and after storage for 2 months at-25 °C. The control
breads were made similarly but without the addition of SDG.

Muffins. Two batches of muffins were made using the same basic
recipe with and without the addition of SDG. For one batch, two eggs
and 240 g of sugar were whipped thoroughly, followed by the addition
of 100 g of melted margarine. After premixing 150 g of wheat flour,
1 tsp of baking powder, and 300 mg of SDG, this mixture was added
to form a dough. The dough was poured into 12 cup muffin pans and
baked at 175°C for 23 min. The muffins were packed into plastic
bags. Samples were taken from the dough and from the muffins right
after baking and after 2 months of storage at-25 °C (batch 1) and
from the dough and from the muffins after 1 week of storage at room
temperature and after 2 months of storage at-25 °C (batch 2).

Analysis of SDG in Doughs, Breads, and Muffins.Prior to SDG
extraction, the freeze-dried muffin samples (2.5 g) were defatted by
hexane extraction (40 mL). The other bakery product samples were
analyzed without fat extraction.

SDG was extracted from 2.5 g of freeze-dried samples with 50 mL
of methanol-water (3:2 v/v) in a magnetic stirrer. Before the addition
of methanol, the dough samples were first mixed with water. After 30
min, the extract was carefully decanted through a filter paper into a
round-bottom flask. The solids were reextracted, and the extracts were
combined. The sample was then evaporated to dryness in a rotary
evaporator. For analysis, the sample was redissolved into 2 mL of
methanol or, in the case of muffins, into 4 mL of methanol. The graham
buns containing 10% of flaxseed flour were analyzed according to the
method of Muir and Westcott (31). SDG was analyzed by HPLC as
described earlier.

Basic Composition Analysis.Moisture.The moisture content was
determined by weighing the samples before and after freeze drying.
The residual moisture was determined by drying at 105°C overnight
(17 h) (33,34).

Ash.The ash content was analyzed by weighing the samples before
and after burning at 500°C overnight (17 h) (Inhouse method, MTT,
Chemistry laboratory).

Nitrogen.The nitrogen content was determined using a Kjeltec Auto
1030 analyzer according to the Association of Official Analytical
Chemists’ (AOAC) method (35,36).

Protein. The protein content was calculated by the following
formula: 6.25× nitrogen.

Crude Fat. The fat content was determined by the Twisselman
method, using diethyl ether as a solvent (37-39).

Total Carbohydrates. The content of total carbohydrates was
calculated by the following formula: total carbohydrates (g/100 g FW)
) 100- moisture (%)- protein content (%/FW)- crude fat (%/FW)
- ash (%/FW) (40).

Energy.The energy content was calculated by the formula: energy
(kJ/100 g FW)) 17 × total carbohydrate % FW+ 17 × protein %
FW + 37 × crude fat % FW (41).

Total Dietary Fiber.The total dietary fiber was determined according
to Lee et al. (42) and Rabe (43).

Table 1. Basic Composition of SDG Buns, Flax Buns, Rye Bread, and Muffins (on a Fresh Weight Basis)

energy
(kJ/100 g)a

protein
(g/100 g)

carbohydrates
(kJ/100 g)a

crude fat
(g/100 g)

moisture
(g/100 g)

ash
(g/100 g)

buns 1053 10.1 48.4 1.56 40.1 1.08
flax buns 1010 11.0 45.2 1.46 42.0 1.40
rye bread 968 6.62 47.5 1.30 44.0 1.68
muffins 1913 5.32 68.1 18.0 8.28 0.57

a Calculated values.
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RESULTS AND DISCUSSION

Basic Composition.The basic composition of the SDG buns,
flax buns, rye bread, and muffins is presented inTable 1. These
results agreed well with the published values of the national
food database (www.fineli.fi) or the values calculated from the
ingredients used.

Stability of SDG. The extraction efficiency was tested with
a bun sample containing SDG by using different percentages

of methanol. The best result was obtained with 60% methanol
(data not shown). The precision of the method was good; the
coefficient of variation was below 10% (n ) 7). The HPLC
chromatograms of the control samples showed no peaks
interfering with the quantitation of SDG. (Figure 1a,b). The
recovery of SDG added to the control bun samples was 114%
(n ) 4).

The 1.5 h proofing step did not affect the content of SDG in
the graham buns, as can be seen from the data inTable 2. The
SDG content in graham buns and rye breads is presented in
Table 3. Added SDG was found to remain stable during baking
at 225°C for 15 min. Even longer and hotter baking of 25 min
at 250°C did not decompose SDG. SDG was also found to be
a relatively stable compound during storage. After 2 months of
storage at-25 °C, there was an increase in SDG content in
some cases. This increase could have been due to changes in
starch granules leading to more efficient extraction of the SDG

Figure 1. (a) HPLC chromatogram of a bun sample containing SDG stored for 1 week at room temperature. (b) HPLC chromatogram of a control bun
sample stored for 1 week at room temperature.

Table 2. Effect of Proofing on the Content of SDG in SDG Buns
(mg/kg dw)

SDG (mg/kg dw) SD n

added amount 300
before proofing 278 52 4
after proofing 246 16 3
after baking 263 7 7

Table 3. SDG Contents (mg/kg dw) of Buns and Breads during Baking and Storage

SDG buns flax buns rye bread

SDG
(mg/kg dw) SD n

SDG
(mg/kg dw) SD n

SDG
(mg/kg dw) SD n

dough 260c 1 2 2419d 169 167 11 2
after baking 272 30 5 2033 148 5 161 2 2
storage 1 weeka 273 22 5 1916 125 6 153 4 2
storage 1 monthb 304 13 3 2088 96 3 NAe

storage 2 monthsb 342 11 3 1990 85 3 173 2 3

a At room temperature. b At −25 °C. c SDG conjugate. d Calculated amount from the flaxseed flour. e NA, not available.
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trapped into the dough matrix. Direct saponification or saponi-
fication of the methanol extract resulted in the same SDG
content as without saponification (data not shown), indicating
that the added SDG stayed in a free form. In one experiment,
an unknown conjugate of SDG was seen in the HPLC
chromatograms of the bun dough with no free SDG present
(Figure 2). The conjugate had similar UV spectra as free SDG
(Figure 3). Interestingly, this conjugate decomposed during
baking so that, again, only free SDG was observed in the buns.
Because the conjugate was not found in the other doughs
prepared similarly but at different times, it is possible that the
conjugate was due to the activity of an unknown yeast. The
recoveries of added SDG from rye breads were about 40% lower
than their calculated theoretical value, which was calculated on
the basis of the dry components used for breads. Although the
decomposition of SDG cannot be completely excluded, it is
more likely that SDG is bound to the bread matrix and is not
easily extractable.

The SDG content in flax buns containing fat-free flaxseed
meal was also unaffected by storage in a freezer, as shown in
Table 3. SDG content was also unaffected by the action of yeast
and lactobacilli in the sour rye dough during proofing for 1 h
and 40 min (Table 2). The stability of SDG against lactobacilli,
although only for a relatively short time during proofing, is in
agreement with our experiments on the stability of SDG in
fermented milk products (unpublished data). Intestinal bacteria
have been reported to convert SDG to secoisolariciresinol and
further to enetrolactone (44). The starter cultures used in bread
making in the present study did not exhibit such an ability, but
one reason for this may be the short incubation time.

The fate of SDG in the muffins is presented inTable 4. The
measured values of SDG are about 40% lower than the
calculated theoretical values of added SDG. This could be
explained by analytical difficulties with the muffin matrix.
However, it is clear that SDG remained stable during baking at
175°C for 23 min. SDG was also a relatively stable compound
during storage.

The effect of processing on the stability of lignans has been
evaluated in relatively few studies. Namiki et al. (45) found
that sesamin, the predominant lignan in sesame seeds, was very
stable during roasting and showed hardly any change even at
200 °C, whereas sesamolin decomposed especially as a result

of deep frying. In a commercial virgin oil, lignans were found
to be the most stable phenolic compounds during 12 months of
storage (46). Muir and Westcott (31) reported that SDG

Figure 2. HPLC chromatogram of a bun dough containing SDG in conjugated form.

Figure 3. UV spectra of (a) SDG in bun sample and (b) SDG conjugate
in one bun dough batch.
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remained stable during the bread-making process and could be
quantitatively recovered when SDG had been added to the bread
mix. The lignans of sourdough rye bread have also been found
to remain stable during fermentation and baking (32).

We conclude that flaxseed-derived SDG can be added to
various bakery matrices that require heating or baking without
significant losses during processing or subsequent storage at
room temperature or in deep-frozen form.
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