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Abstract

Improved understanding of the relationship be-
tween the consumption of antioxidant-rich food
and human health has resulted in the supplemen-
tation of food products with natural antioxidants.
Enrichment of a staple food such as bread with
natural antioxidants can provide additional health
benefits. Sources of natural antioxidants include
cereals, seeds, spices, herbs, green plants, fruit, veg-
etables and the less expensive and easily available
waste products from the food industry. However,
there are technological constraints to the fortifica-
tion of bread, while sensory and physical proper-
ties are important for overall consumer acceptabil-
ity. Synthetic antioxidants can have serious adverse
effects on health, and their substitution with nat-
ural antioxidants enhances the therapeutic and
functional properties of bread and has the added
advantage of increasing shelf-life. This review
discusses the antioxidant activity and scavenging
properties of various types of breads enriched with
natural antioxidants from natural sources and the
associated health benefits and sensory attributes of
these breads.
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Introduction

In biological systems, oxidative stress is produced
by an imbalance between chemical stresses caused
by abnormal quantities of reactive oxygen species
(ROS) and physical ability to detoxify the reactive
intermediates. Oxidative stress if prolonged can
damage the entire system and has been implicated
in over 100 common diseases such as cancer, diabe-
tes, heart conditions and neurological disease [1].
However, antioxidants can scavenge ROS and free
radicals, thus reducing their numbers. The grow-
ing interest in foods rich in antioxidants has led to
the development of a large market for antioxidant-
rich products and ingredients [2]. Antioxidants
can also be used to prevent the degradation of food
during processing and storage, thereby increasing
its shelf-life.

The importance of natural antioxidants for food
applications has been highlighted in numerous
studies. Natural antioxidants are found in plants
which can be consumed. For example, spices, herbs
and essential oils are rich in antioxidant proper-
ties [3]. The consumption of natural antioxidants
including phenolic and polyphenolic compounds,
chelators, antioxidant vitamins and enzymes as
well as carotenoids has received considerable inter-
est because of their presumed safety and potential
nutritional and therapeutic effects including anti-
inflammatory, anti-carcinogenic and anti-athero-
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sclerotic properties. Artificial antioxidants such as
butylated hydroxytoluene (BHT) and butylated
hydroxyanisole (BHA) are synthetically produced
chemical antioxidants which are widely used for
their antioxidant properties in the food industry.
However, the use of these substances is restricted
due to toxicity problems and fears of liver damage
and carcinogenesis [4]. Consequently, there is on-
going research on natural sources of antioxidants.
Bread is a good source of calories and other nutri-
ents and has been a staple food for centuries. It is
traditionally made from wheat flour, yeast, sugar,
salt and water. Wheat grain contains many bioac-
tive compounds, including antioxidants (phenolic
compounds) particularly in the bran and aleurone
layer, although the processing of wheat bread also
confers some antioxidant activity [5]. Many differ-
ent synthetic antioxidants have been used in bread
for years to increase storage stability. The current
rapidly growing functional food and nutraceuti-
cal market has stimulated research on the use of
natural antioxidants in bread which do not affect
its textural and organoleptic properties.
Functional and therapeutic properties, basic nutri-
tional quality and sensory and textural properties
must be carefully considered when incorporating
various sources of antioxidants into bread. Re-
cent studies have shown that the addition of small
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amounts of natural antioxidant sources does not
significantly affect the textural and sensory proper-
ties of bread.

Dziki et al [5] discuss enhancement of the anti-
oxidant activity of wheat bread by the addition
of different plant materials along with changes
in antioxidant activity during the bread-making
process. Thus, the aim of this study was to review
wheat and non-wheat bread and discuss the thera-
peutic and nutritional benefits achieved with the
addition of sources of antioxidants as well as the
impact of fortification on the sensory and textural
properties of the bread.

Review of antioxidant rich

breads

Many consumers prefer to eat healthier foods in
order to prevent non-communicable diseases.
Consequently, researchers are seeking to optimize
bread-making technology in order to improve the
quality, taste, functionality and bioavailability of
this staple food. Accordingly, supplementation
with cereals and their fractions, fruits and vegeta-
bles, gums and starches, and agricultural wastes
has been used to produce antioxidant-rich bread.
This research is discussed below and bread charac-
teristics are summarised in Table 1.

Table 1 - Effect of natural antioxidant sources on different quality parameters of bread

Antioxidant activity (assay) Effect on . Effect on
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fortification . cal properties .
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Antioxidant activity (assay) Effect on . Effect on
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TPC DPPH FRAP Others GeEll i (IS
4.05+0.31 12.87 £2.02
Barley hull 2 O g (‘mg 8 - ORAC 36.44+14.01
ferulic acid (mg Trolox )
and flaxseed X . (mg Trolox equivalent/g sample)
hull 3] | caulvalent/s | equivalent/g ey v e (ol
bread sample) sample) Y
Barley flour 63.30% Increased
and barley 369.60 (DI;PH ; ACE inhibitory activity a-Amylase inhibitory the content
protein (mg/100 g) TR 75.30% activity 77.80 of essential
. inhibition) X .
isolate [24] amino acids
Highest overall | Affected physi-
Coriander 33 (mg 28 (DPPH % 37.5 (mg a_cceptability at ca! paramet_ers,
leaf powder | GAE/100 g of R high percentage increase in
inhibition) FeS0,/100 g) )
[25] sample) of supplemen- | crumb firmness
tation and loaf weight
Rheology of Concentra-
. 0.242 + 0.009 Negative effect EY tion of gin-
Ginger 0.71040.009 dough and §
(mmol DPPH / on bread accep- gerols with
powder [26] | (mg GAE/g dw) - texture of bread .
mg dw/ml) tability formation of
affected
shogaols
Satisfacts -
?‘alsl :;Z[nyn?evf Hardness and K, P and Ca
Turmeric 160 (mg GAE/ B-Carotene-linoleate bleaching assay 79.8%+0.6% antio- acceptability u crumb colour a* with high
powder [27] 100 g) xidant activity P y.up and b* values curcumin
to 4% supple- :
i increased content
mentation
5% (bound
A 580 (ug/g) 6 {boun High total
Wholegrain phenolics) . ¥
(bound pheno- dietary fibre
(IS lics) 180 pg/s S i and protein
flbres (2] (free heniglicgs) Flisiellies) co:tent
g (% inhibition)
N A
Anka (fer- 7.78 £0.03 (mg No 5|gn|ﬁcan't ' e (e
i 3.86+0.05 (mg | extract/ml) (at differences with Decrease in .
mented rice) . colin K and
extract/ml) 3% supplemen- effect on colour | specific volume
[29] . GABA
tation) and mouth feel
613.7741.57 Affected Im_proved
Grape by- (mg GAE/100 15.02 (mm 48 (mm Acceptable hardness, dietary
product [30] e g TRE/g dm) Fe(ll)/g dm) products gumminess and fraction
of sample)
sharpness contents
Higher pre-
Pseudocereal 7.25+0.23 Improves accep- sence of die-
flour [31] (mg/g dw) tability tary fibre and
B-glucans
Lower CML-
TEA( i
Grape seed 4.8+0.1 (cnmol Wiidla etz Mo SFiiEeil ha::;;'?::k‘i
P o 55% Inhibition of the formation of CML in bread crust on the quality difference in !
extract [32] Trolox/mg N but stronger
attributes hardness o
bread sample) antioxidant
activity
Rich mil |
Sugar beet No interference L . m'"efa
Significant ef- | content with
molasses- 1677 (umol at lower levels . ) )
. fect on specific | high protein
based ingre- TE/100 g) of supplemen-
) ) volume and crude
dients [33] tation N
fibre
Good consi-
stency between
Barley flour 280 (mg 2.5 (mmol sensory
[34] GAE/100 g dm) Fe/100 g dm) evaluation and
the amount of
phenolics
Garlic and 0.278 (mM 0.368 (MM
basil [35] GAE/g) Fe?*/100 g)
o Little effect on
No significant )
Auricularia effect except at IR Loxli High crude
! 57% (DPPH % Y height and loaf | .2
auricula flour L very high sup- fibre and
inhibition) . volume up to N
[36] plementation minerals
9% supplemen-
levels .
tation
o Considerable
No interference DS amount of
Yam fl 79% (DPPH ¢ ffect at |
am flour ,A’_( . @ ABTS 88% (total antioxidant property %) with bread eftect at low dietary fibre,
[37] inhibition) L levels of supple-
acceptability ) ash and
mentation
starch

ABTS 2,20-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) radical scavenging activity, CHP metal chelating activity, CMC carboxy methyl cellulose, CML ne-(carboxymethyl)lysine,
dm dry matter, DPPH (di(phenyl)-(2,4,6-trinitrophenyl) iminoazanium radical scavenging activity, dw dry weight, FRAP ferric reducing antioxidant power, LPO inhibition of lipid pero-

xidation, ORAC oxygen radical absorbance capacity, TEAC trolox equivalent antioxidant capacity, TPC total phenolic content
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Black tea

Chinese steamed bread (CSB) was fortified with
black tea with various tea to water (v/v) ratios [6].
Increasing the black tea concentration decreased
the lightness (L), while increasing the redness (a)
and yellowness (b) of CSB, which was attributed
to the presence of black tea polyphenols. The ad-
dition of black tea greatly increased phenolic con-
tent and antioxidant activity along with the anti-
microbial properties of CSB, with the best results
seen at a 5:1 ratio of tea to water. There were fewer
changes in the water activity, water content, tex-
ture and volumetric properties of fortified CSB
when a lower ratio of tea was employed. The addi-
tion of black tea had little effect on sensory scores
for brightness, crumb structure, elasticity and
stickiness but resulted in decreased whiteness and
smoothness.

Rice bran

Stabilised rice bran (RB) was added at different
percentages to wheat breads [7]. All substituted
breads showed higher protein, ash, fat and total di-
etary fibre contents than control bread. Inclusion
of RB negatively affected crumb colour (L*), bread
volume and sensory parameters such as colour, tex-
ture and overall acceptability, but improved hard-
ness, aroma, taste, a* and b*. The highest and low-
est values were seen in 30% RB substituted bread.
Vitamin E content as indicated by tocopherol and
tocotrienol content increased in proportion to the
amount of RB. The addition of RB also increased
the free and bound total phenolic content (TPC),
total flavonoid content (TFC), ferulic acid, p-cou-
maric acid, sinapic acid, and ferric reducing antiox-
idant power (FRAP) and 2,2-diphenyl-1-picrylhy-
drazyl (DPPH) radical scavenging values compared
to control bread, with the highest values seen in
30% RB substituted bread.

Green tea extract

and microencapsulated green tea extract

Spray dried (SDMD) and freeze dried (FDMD)
green tea polyphenols microencapsulated using
maltodextrin were incorporated into bread to
enhance its antioxidant properties [8]. Fortified
bread had a significantly higher moisture con-
tent, a*, b* and AE as well as lower L* values than

control bread. The reduced volume and increased
crumb firmness of incorporated breads were sta-
tistically significant. These breads had lower over-
all sensory, taste, texture, crumb and crust colour
scores than the control. Very similar amounts of
polyphenols were present in the green tea extract
(GTE) and in the encapsulates incorporated in
the dough. However, after baking, the amount of
polyphenols in incorporated breads was slightly
reduced due to the degradation of polyphenols,
but was still higher than that in control bread. The
highest polyphenol content was seen in FDMD
bread after baking and in non-encapsulated bread
before baking. It was concluded that fortification
of bread with green tea polyphenols can retain the
functionality and quality characteristics of bread.

Stevia rebaudiana extracts (var. Morita)
Functional bread was prepared by partial replace-
ment of sucrose with different amounts of Stevia
rebaudiana extracts (var. Morita) [9]. Incorporated
breads were rich in protein and crude fat. The sub-
stitution of up to 50% of sugar with stevia extracts
did not adversely affect the softness of bread. The
breads showed significantly higher antimicro-
bial activity with the highest value seen at 75%
sugar substitution due to reduced sugar content.
Multiple comparison tests revealed that sweetness
decreased as the level of stevia extract increased.
Bread with 50% replacement of sugar was well
accepted. These breads had higher total dietary,
insoluble and soluble fibre content than control
bread, with a significant reduction in the caloric
value. Bread containing stevia extract had good
scavenging properties and efficiency in reducing
polysaccharide digestion, which resulted in lower
glucose absorption.

Quinoa leaves

Bread was fortified with different amounts of qui-
noa leaves (QL) as a source of antioxidants [10].
An increase in the percentage of QL resulted in
a bread with decreased loaf volume and starch
digestibility, and higher bread crumb hardness,
cohesiveness and chewiness/gumminess, with an
insignificant effect on elasticity. Bread fortification
with QL showed a linear increase in antioxidant
properties and TPC and had a positive influence
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on FRAP, inhibition of linoleic acid peroxidation
and chelating power. The maximum antiradical
potential of bread was obtained with 5% QL sup-
plementation.

Nejayote solids

Nejayote, a maize-processing wastewater, in the
form of solids was used to enhance antioxidant
activity in bread [11]. The addition of different
amounts of nejayote solids (NS) to dough signifi-
cantly enhanced water absorption, bread weight
and apparent density with a slight decrease in bread
volume, while the optimum mixing time, proof
heights and bread heights were not significantly
affected. Bread supplemented with NS showed
higher dietary fibre, crude fibre and bioavailable
calcium: two slices (64 g) of bread supplemented
with 9% NS provided 29% of the recommended
daily calcium intake. Ferulic acid increased pro-
portionally with increased NS levels and signifi-
cantly improved antioxidant activity. Flavour and
odour received low sensory scores, while overall
acceptability, texture and colour were not affected
by 9% NS substitution as compared to control.

Broccoli sprout powder

Bread was enriched with various proportions of
broccoli sprout (BS) powder for its antioxidant
and anti-carcinogenic activity [12]. Partial replace-
ment of flour with BS powder had a strong nega-
tive effect on aroma, texture, taste and overall ac-
ceptability and a slightly negative effect on colour.
However, BS significantly enhanced the phenolic
content and lipoxygenase enzyme (LOX) inhibi-
tion activity of the breads, with the highest values
seen with 2% substitution, although a linear rela-
tionship between increased phenolic content and
the percentage of added BS was not seen. Fortifi-
cation resulted in an increase in the level of free
amino groups but negatively influenced the anti-
radical potential, with highest values seen with 1%
BS. Reducing power was decreased compared to
control, whereas it substantially increased at high-
er levels compared to lower level of incorporation.
The highest chelating activity was seen in bread
with 3% BS, but was nevertheless still lower than
in the control sample. Inhibition of lipid peroxida-
tion was significantly lower in supplemented bread
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compared to control. Bread with 2% BS supple-
mentation was determined to be best regarding
consumer acceptability, antioxidant activity and
ability to inhibit LOX and xanthan oxidase (pro-
oxidative enzymes).

Onion skin powder

Bread supplemented with dry onion skin (OS)
powder used as a source of antioxidants [13]
showed an increase in quercetin concentration,
scavenging activity, chelating power, lipid peroxi-
dation and reducing power compared to control
bread. As expected, the antioxidant properties (ex-
cept for lipid peroxidation) of OS-fortified bread
and overall acceptability were positively correlated
with the addition of up to 2-3% OS. However,
bread supplemented with 4-5% OS was less ac-
ceptable due to no further increase in antioxidant
activity and the presence of excessive amounts of
volatile compounds.

Chestnut flour

Different amounts of chestnut flour (CF) were in-
corporated into bread as a source of antioxidants
and fatty acids [14]. Bread with up to 50% CF
showed a significant linear increase in antioxidant
activity and level of volatiles, including alcohols,
followed by aldehydes, ketones and furans. The
levels of compounds present in CF, such as furans
including furfural, 5-methylfurfural and 2-furfu-
ryl alcohol, increased rose strongly as amount of
substitution increased. CF imparted nutty and
smoky flavours due to the presence of guaiacol
and 4-ethyl-guaiacol, demonstrating a positive ef-
fect on organoleptic properties. Bread made with
50% CF showed a homogeneous crumb structure,
greater crumb hardness, more cohesiveness and a
darker colour compared to control bread.

Banana pseudo-stem flour

A fixed amount of banana pseudo-stem flour
(BPF) was used with xanthan gum (XG) or car-
boxy methyl cellulose (CMC) as a source of anti-
oxidants in bread [15]. Proximate analyses showed
that BPF breads had a high content of ash, crude
fibre and soluble, insoluble and total dietary fibre,
with a balanced insoluble dietary fibre/soluble
dietary fibre ratio. The addition of BPF resulted

O
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in an increase in phenolic content and free radi-
cal scavenging activity compared to control. How-
ever, supplementation with XG or CMC in breads
containing BPF resulted in a significant decrease
in phenolic content and free radical scavenging ac-
tivity, with 10% substitution having the strongest
effect whreas physical analyses indicated that sup-
plementation with 10% BPF with XG reduced
loaf volume, weight loss, height and higher den-
sity. While all breads containing BPF had a darker
crumb and lighter crust colour, mouth feel, aroma,
gumminess and taste perceptions were not affected.
All breads received better acceptability scores than
control bread, with the highest overall acceptability
score seen for bread with added CMC.

Fennel seed powder

Various amounts of fennel seed (FS) powder were
incorporated into bread as a source of antioxidants
[16]. Supplementation significantly affected physi-
cal properties, with a negative effect on texture and
decreased loaf volume and specific loaf volume,
but with an insignificant effect on loaf mass. With
increasing addition of FS, the redness (a*) and yel-
lowness (b*) of the bread significantly increased,
while lightness (L*) significantly decreased. The
appearance of the bread declined slightly, with
the optimum taste and aroma scores obtained at
7-10% ES supplementation, while the best col-
our was achieved with 5% FS supplementation. A
linear increase in TPC and FRAP values (but not
DPPH radical scavenging activity which showed a
reduction at 5% FS incorporation) was seen with
increasing supplementation up to 7.0% FS, with
further additions having little effect on antioxidant
properties. Thus, supplementation with 5.0% and
7.0% FS powder was found to be optimum.

Cinnamon powder

Different amounts of cinnamon powder (CP),
which is rich in fibre, fats and ash, and has a high
phenol content and antioxidant activity, were
added to bread [17]. Baking absorption and loaf
weight increased linearly with amount of CP
added. Loaf volume and height increased up to
2% CP supplementation and decreased thereaf-
ter, while specific volume remained either equal
to or less than that of control bread. Appearance

and colour scores were high at 2% and 3% CP
addition, with flavour, texture and overall accept-
ability scores highest at 2% CP incorporation. The
hardness, gumminess, cohesiveness and chewiness
of the bread significantly increased above 2% CP
incorporation. In addition, an adequate microbial
inhibitory effect was observed due to the pres-
ence of cinnamaldehyde and eugenol at 2% CP
incorporation. Fibre, ash, protein and fat content,
phenolic content and antioxidant activity showed
a significant linear increase as the level of supple-
mentation increased with highest values obtained
at 4% CP incorporation.

Citrus peel

Unfermented (UF) and fermented (F) citrus peel
(CP) was processed under different dry hot-air
temperatures to make four CP powders which were
incorporated into toasting bread to enrich its anti-
oxidant properties [18]. The water adsorption ca-
pacity of the dough increased with greater content
of CP powder, resulting in faster toasting time and
improved strength and elasticity. The crude fat and
crude protein content of the unfermented citrus
powder (UFCP) was higher than that of the fer-
mented citrus powder (FCP), with crude fibre in-
versely proportional to moisture in CP. The UFCP
extract showed better antioxidant activity (DPPH
and H,O; test) and higher total polyphenols, with
the best values seen in UFCP dried at 150°C, in-
dicating enhancement of phenolic compounds
and antioxidant activity at higher drying tempera-
tures. Sensory evaluation indicated greater accept-
ability of UFCP-supplemented bread compared
to FCP-supplemented bread. Bread containing
UFCP dried at 150°C achieved the highest score
for flavour, while bread containing UFCP dried at
100°C had the best scores for hardness and sur-
face texture. Both these breads together with bread
containing FCP dried at 100°C achieved high
overall acceptability scores, with bread containing

FCP dried at 150°C scoring the lowest.

Intermediated pearled wheat fraction

Bread was enriched with different amounts of
pearled fractions from intermediate layers of wheat
kernel as a source of antioxidants [19]. The L*, a*
and hue values (h) of the crust of supplemented

broe WWW.Cceceditore.com

o7



bread significantly increased with no difference in
chroma (C*) values compared to control. Crust
crunchiness, total bread energy and acoustic emis-
sions were highest in the bread containing 0%
and 5% pearled fractions with lowest values seen
at 20-25% incorporation. A decrease in bread
volume with a proportional increase in gummi-
ness, chewiness and hardness accompanied the
increasing percentage of pearled wheat fractions,
while cohesiveness and resilience remained unaf-
fected. The protein, dietary fibre, $-glucan and
ash content along with the total antioxidant activ-
ity (measured as DPPH scavenging capacity) and
TPC of bread increased linearly and significantly
as supplementation increased, with maximum val-
ues seen at 25% substitution. However, the alkyl-
resorcinol content was lower than expected, while
the deoxynivalenol content increased linearly, in-
dicating 10% substitution was the best level of
supplementation.

Maca flour

Maca flour (MF) as a powerful antioxidant was
incorporated in different amounts into bread
to increase its functional properties [20]. Bread
containing MF had considerably increased anti-
oxidant activity, with highest values seen at 20%
MEF incorporation. Antioxidant properties were
determined according to TPC, scavenging effect
on DPPH, ABTS and hydroxyl radicals as well as
percentage of fluorescence decay inhibition and
anti-inflammatory activity. The study also dem-
onstrated that MF could reduce sugar intake as
shown by an enzymatic assay where o-amylase and
a-glucosidase were progressively inhibited as MF
content increased, with maximum values found at
20% MEF addition. Results showed that the bio-
logical properties of maca were retained after the
bread-making process.

Micronized by-products from debranned
durum wheat

Different amounts of coarse and fine micronized
bran fractions were incorporated both into sour-
dough and baker’s yeast dough to make antioxi-
dant-rich bread [21]. The intermediate and inter-
nal layers of durum wheat contain high amounts of
protein, fat, starch and free amino acids and have a
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high peroxide value, while the external fraction has
a high total dietary fibre content. Supplementa-
tion with up to 5% coarse fraction or bran fraction
only changed water absorption capacity, develop-
ment time and stability very slightly compared to
control. However, the concentration of total free
amino acids gradually increased with the addition
of bran fraction and fermentation of dough. Sup-
plementation and dough fermentation increased
total phenol and scavenging activity, with wheat
flour bread supplemented with 5% fine fraction
having the highest values. The hardness, resilience
and fracturability of breads baked at 220°C and
enriched with bran fractions were lower than those
of control. Bran fractions intensified crust colour,
especially with sourdough fermentation, with in-
creased sweetness, dryness and overall perception
of taste, while elasticity decreased. Sourdough
bread showed significantly higher acid flavour,
acid taste and salty attributes for better overall
consumer acceptability.

Sorghum flour

Varying amounts of wholegrain white sorghum
flour (WSF) and red sorghum flour (RSF), which
both provide total dietary fibre, were incorporated
into flat bread as a source of antioxidants [22]. The
total phenolic content and antioxidant capacity of
red sorghum flat bread was significantly higher
than that of white sorghum flat bread, which in
turn was significantly higher than that of control
bread. RSF bread had a higher content of bound
phenolics and free phenolics than WSF bread or
control bread, resulting in increased TPC. RSF flat
breads were darker in colour than controls, possi-
bly due to the presence of higher levels of coloured
polyphenolic compounds such as anthocyanins.
Breads supplemented with 30% WSF and 40%
RSF had the highest scores for sensory parameters
like flavour and texture and the best overall accept-
ability scores.

Barley hull and flaxseed hull

Barley hull extracts, flaxseed hull extracts and both
combined were used as sources of antioxidants in
Chinese steamed bread (CSB) [23]. The phyto-
chemical profile of the bread improved significant-
ly with the addition of barley hull extracts, flax-
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seed hull extracts and both combined compared
to control bread. Barley hull extract increased the
content of ferulic acid and p-coumaric acid, and
flaxseed hull extract introduced secoisolariciresinol
diglucoside (SDG), ferulic acid glucoside (FeAG)
and coumaric acid glucoside (CouAG) into CSB,
while the combined extracts contributed their ma-
jor phenolic compounds. The combined extracts
significantly increased TPC, DPPH radical scav-
enging and oxygen radical absorbance capacity
(ORAC) values compared to control.

Barley flour and barley protein isolate

Varying amounts of barley flour (BF) and barley
protein isolate (BPI) were added as sources of an-
tioxidants to pita bread [24]. The water holding
capacity, solubility, emulsion and foaming proper-
ties of wheat flour fortified with BPI were supe-
rior compared to flour fortified with BE Similarly,
the content of essential and non-essential amino
acids increased gradually as the amount of added
BF and BPI increased rose from 0 to 15%. Bread
made from 15% BPI had the highest levels of cys-
tine, tyrosine, valine and essential amino acids.
Protein, fat, ash, dry matter and fibre content in-
creased with increasing supplementation, as did
TPC, antioxidant activity, angiotensin converting
enzyme (ACE) inhibitor activity and amylase in-
hibitory activity, with highest values seen at 15%
BPI supplementation.

Coriander leaf powder

Varying amounts of coriander leaf powder (CLP)
were used for antioxidant enrichment of bread
[25]. Incorporation of dried CLP enhanced mois-
ture retention capacity and baking characteris-
tics, showing a higher crumb moisture up to 5%
CLP supplementation and a slower staling rate.
Physical parameters like crumb firmness and loaf
weight increased, while specific volume and loaf
volume values decreased linearly with increased
supplementation. Similarly, as supplementation
increased, the L*, a* and b* values of the crust de-
creased, while crumb L* values decreased and a*
values increased, indicating a darker colour. TPC,
DPPH radical scavenging activity and FRAP assay
results showed a sharp and almost linear increase
with level of supplementation. The aroma accept-

ance scores gradually increased, while colour and
taste were less acceptable with high CLP supple-
mentation. Consequently, the overall acceptability
of 3% and 5% CLP-substituted bread samples was
much better than those with higher levels of sup-
plementation.

Ginger powder

Different amounts of ginger powder (GP) were
used to obtain antioxidant-rich bread [26]. The
addition of GP enhanced the elasticity of dough.
Hardness and gumminess were significantly
higher with 6% GP supplementation, although
changes in dough characteristics and bread rheo-
logical properties were insignificant up to 4.5%
GP supplementation. Breads had a fine and uni-
form crumb. A higher percentage of ginger low-
ered the L* and h values and elevated the C* value
of crumb. The amount of phenolics and radical
scavenging activity increased in proportion with
increased GP content of both crumb and crust,
but to a great extent in crust. Addition of the low-
est percentage of GP (3%) resulted in bread with
the highest overall acceptability as it had the least
amount of shogaol.

Turmeric powder

Varying amounts of turmeric powder (TP) were
used as a source of antioxidants in wheat bread
[27]. Despite a loss of 32-54% of TPC after bak-
ing, the breads had a significantly higher phenolic
content due to the presence of curcumin. Scav-
enging activity, thermal stability and antioxidant
properties as measured by P-carotene-linoleate
bleaching assays improved as supplementation
was increased to 2—-8% TP compared with con-
trol breads. The taste and overall acceptability of
breads with turmeric powder was best at 0-4% TP
supplementation, while aroma and texture did not
vary. The best crumb colour was seen at 2% TP
supplementation.

Wholegrain flour and fibres

Wheat, rye, barley and oat wholegrain flours and
cellulose (insoluble fibre) and xanthan gum (sol-
uble fibre) in different proportions were added to
wheat bread [28]. Bread containing oats had the
highest levels of free phenolics, while rye bread
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had the highest level of bound phenolics and the
best scavenging capacity. The antioxidant proper-
ties of breads containing cellulose and xanthan
gum were very similar to those of control bread,
indicating that inclusion of fibre does not affect
the antioxidant properties of high fibre bread. In-
corporation of wholegrain and fibre increased to-
tal dietary fibre, while the addition whole wheat
flour increased protein content. In general, there
was a marked reduction in average specific and
loaf volume. The overall quality of wholegrain-
rich breads was acceptable except for that with

added cellulose.

Anka (fermented rice)

Monascus-fermented rice (anka, red koji) flour was
incorporated into bread to enhance its antioxidant
properties [29]. Bread enriched with anka flour
had a slightly lower specific volume and fewer car-
bohydrates but higher amounts of reducing sugars,
fat and fibre than rice and wheat breads. Anka-en-
riched bread had an attractive red colour with low-
er L* and whiteness index (WI) values and higher
a* and b* values than rice and wheat breads. White
bread and anka-enriched bread showed comparable
antioxidant activity but were slightly less effective
than rice-enriched bread regarding reducing power
and scavenging ability as measured by the elimina-
tion of DPPH radicals and ECsq values. Substan-
tial amounts of the functional components mona-
colin K and GABA were found in anka-enriched
bread, which slightly decreased during baking. The
colour and mouth feel of anka-enriched bread were
rated higher, but there were no differences in its
appearance, flavour and overall sensory attributes
compared to white bread.

Grape by-product

Grape by-products (GP) containing very large
amounts of ash and total dietary fibre were incor-
porated in different amounts to enhance the an-
tioxidant properties of rye bread [30]. The levels
of some phenolic compounds together with free
radical scavenging activity (DPPH) and total anti-
oxidant activity (FRAP) values increased gradually
and significantly with increasing amounts of GP.
The improved antioxidant properties of GP-en-
riched breads were attributable to the incorpora-
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tion of phenolic compounds, mainly catechins and
procyanidins. Considerable amounts of quercetin
and quercetin-3-f-D-glucoside were also found.
The hardness and gumminess of breads increased
significantly with increasing amounts of G, while
insignificant changes were seen in cohesiveness, re-
silience, chewiness and springiness up to 8% GP
supplementation. Sensory evaluation showed that
as GP level increased, bread volume, porosity and
overall acceptance decreased. Differences in aro-
ma attributes were due to dominant fruity, alco-
holic and sharp notes. However, different types of
volatile esters and carbonyl compounds increased
gradually.

Pseudocereal flour

Varying amounts of different pseudocereal (buck-
wheat, amaranth and quinoa) flours were used as
a source of antioxidants for bread [31]. The in-
corporation of pseudocereal flour improved the
antioxidant and scavenging properties of bread
compared to control wheat bread. The addition
of buckwheat flour improved antioxidant activity
more effectively than amaranth or quinoa flour.
Bread supplemented with 30% buckwheat flour
had the highest phenolic content, TFC and Trolox
equivalent antioxidant capacity (TEAC) values as
evaluated by FRAP and DPPH, while bread sup-
plemented with 15% buckwheat flour showed the
highest flavonoid content. Organoleptic evalua-
tion of pseudocereal-substituted breads indicated
they were moderately acceptable. Buckwheat
bread had a better sensory profile than amaranth
and quinoa breads with higher scores for colour
and odour.

Grape seed extract

Grape seed extract (GSE) added to bread linearly
enhanced antioxidant activity with increased GSE
[32]. However, baking degraded GSE proantho-
cyanidins, thus lowering GSE antioxidant capac-
ity. No significant differences in hardness were ob-
served between bread samples, but with increased
addition of GSE, L* and the E index decreased
while a* and b* values increased, indicating that
GSE affected bread colour. Addition of GSE did
not affect quality attributes such as sweetness,
porosity, astringency and stickiness but did im-
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prove bread colour compared to the control. The
catechins and proanthocyanidins in GSE greatly
enhanced the antioxidant activity of bread. The
abundant phenolics in GSE may help reduce the
health risks associated with Ne-(carboxymethyl)
lysine (CML).

Sugar beet molasses-based ingredients

Fruit and vegetable powders obtained with os-
motic dehydration (OD) in beet molasses and
pure beet molasses were incorporated into white
bread to increase its antioxidant properties [33].
The OD vegetable powders contained significantly
more protein, crude fibre, reducing sugars, saccha-
rose, K, Na, Mg and Ca than the OD fruit pow-
ders. Bread supplemented with 10% OD red cab-
bage powder had the highest total moisture, ash,
protein, crude fibre and mineral content, while
bread supplemented with 10% OD plum powder
had the highest crumb moisture, and bread sup-
plemented with 10% OD apple powder had the
highest reducing sugar content. The addition of
molasses and molasses-based ingredients signifi-
cantly increased the antioxidant activity of bread,
with the highest values observed in bread formu-
lated with 10% OD plum powder. Specific vol-
ume greatly decreased and colour darkened with
increased supplementation. The crumb and crust
of bread supplemented with 10% OD powders
and molasses showed a decrease in yellowness (b*)
compared to bread made with 5% OD powders.
Increased supplementation resulted in a gradual
but significant increase in crumb pore roughness
and a decrease in crumb elasticity. The taste at-
tributes of bread supplemented with 5% OD were
acceptable.

Barley flour

Varying amounts of barley flour (BF) from dif-
ferent varieties (Tyra, Cindy and STS 2-11) were
added to wheat flour to make breads rich in anti-
oxidants [34]. There were significantly more free
phenolics consisting of flavonols and tocopherol
than bound phenolics, including phenolic acids,
in supplemented bread. The bread supplemented
with the Tyra variety had significantly higher lev-
els of free phenolics and total antioxidant activ-
ity than control bread. The total amount of phe-

nolics and total antioxidant activity were highest
in breads supplemented with the Tyra and Cindy
varieties. During baking, free phenolics decreased,
while bound phenolics greatly increased and to-
tal antioxidant activity only changed slightly, with
highest values seen in the Cindy and Tyra sup-
plemented breads. The antioxidant properties of
breads depended on the barley variety and the
flour extraction rate. Other factors such as storage
and baking procedure were less significant but did
affect sensory attributes. Tyra-supplemented bread
was the least acceptable with the highest scores for
bitterness, off-odour and off-flavour, followed by
the Cindy variety.

Garlic and basil

Garlic and sweet basil were added in different
amounts to bread [35]. Total antioxidant activ-
ity (TAC) and polyphenol content were higher
in the garlic and basil-flavoured breads than in
white bread, and increased with increased levels
of supplementation. Basil-flavoured bread showed
higher TAC and polyphenol content than garlic-
flavoured bread, with the maximum antioxidant
activity seen in bread supplemented with 1.5%
basil. Bread made with garlic and basil could be a
source of antioxidants in the diet.

Auricularia auricula polysaccharide flour
Various amounts of Auricularia auricula (com-
monly called black woody ear or tree ear fungus)
polysaccharide flour (AAPF) were added to wheat
bread [36]. AAPF has a high content of crude fi-
bre, carbohydrates and minerals such as Fe, Ca, P
and Mg compared to wheat flour. AAPF-supple-
mented bread showed a marked increase in con-
centration-dependent scavenging activity, which
increased as supplementation increased. Up to 9%
AAPF could be added without affecting the senso-
ry qualities of the bread. Loaf weight, loaf volume
and loaf height were slightly affected by 9% sup-
plementation, but significantly negatively affected
by 12% supplementation. Sensory characteristics
like aroma, texture, taste and mouth feel were not
affected at supplementation levels of 3-12%, ex-
cept for colour which was affected by 12% sup-
plementation. Bread made with 9% AAPF was
considered the most suitable.
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Yam flour

Different amounts of yam flour (YF) were added
to wheat bread. YF contains a lot of ash, crude
fibre and nitrogen free extract (NFE), the latter
mainly as starch [37]. Loaf weight, loaf volume
and loaf height showed no significant changes at
5% supplementation, while maximum changes
were seen at 25% substitution. Free radical scav-
enging activity and total antioxidant activity
showed a marked increase as the proportion of
YF in the breads increased. The sensory score for
colour increased as substitution increased. No
statistically significant difference was observed in
other sensory characteristics for bread made with
up to 20% YF compared to wheat bread.

Factors affecting the antioxidant
properties of bread

This literature review shows that supplementation
of wheat flour with sources of natural antioxidant
can produce a bread suitable for the functional
food market. The quantity and quality of the fi-
nal product are determined by different factors,
as shown in Table 1. Enhancement of antioxidant
properties mainly depends on the phenolic content
of the natural sources and the amount of supple-
mentation. Total phenolic and flavonoid content
shows a positive correlation with antioxidant ac-
tivity as seen in the case of Lens culinaris Medikus
seeds [38], and so is used to determine product
quality. A similar trend was observed when fen-
nel seed powder, black tea, chestnut flour, banana
pseudo-stem flour and yam flour were added to
bread. However, antioxidant activity did not in-
crease with higher levels of supplementation when
broccoli sprout powder was used.

Free radical scavenging properties are general-
ly evaluated using the DPPH (lipophilic stable
free radicals), ABTS (hydrophilic radicals) and
hydroxyl radical methods, as well as other ex-
perimental methods such as inhibition of lipid
peroxidation and metal chelating activity evalua-
tion. Increased FRAP, inhibition of lipid peroxi-
dation and improvement of antiradical potential
were shown when flour was supplemented with
4% and 5% quinoa leaves. Chelating power was
also improved but only with 2% supplementa-
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tion. This type of non-linear relationship may be
partially explained by interactions between food
components (especially phenolics, protein and
starch) and gastrointestinal fluid [10]. A positive
correlation was observed between increased levels
of broccoli sprout powder and onion skin powder
and protein—phenolic interactions. In a continu-
ation of the chemical reaction, free amino acids
were reduced and resistant starches increased,
with a negative effect on protein and starch di-
gestibility, highlighting the importance of add-
ing the correct amount of functional ingredients.
This finding may be due to the fact that flour
samples with a low phenolic content are used
at up to 20-40% supplementation levels, while
spices, herbs and other extracts such as green tea
and grape seed with a high phenolic content, are
added at much lower supplementation levels of
2-10%.

Further in vivo studies on the production and
marketing of naturally fortified antioxidant-rich
breads are required. In previous research, bread
enriched with a 0.5% nutraceutical compound
(capsaicin extracted from red peppers, magne-
sium from barley germ and minerals) and eaten
with salad when included in the diet for 3 months
showed a significant increase in hydrosoluble an-
tioxidants and decrease in oxidative stress in sub-
jects compared to control [39]. This research also
demonstrated the benefits of multicomponent
functional food enriched with antioxidant com-
pounds obtained from plant extracts.

Individual antioxidant compounds have been
analysed in previous studies. Like vitamin E,
ferulic acid, p-coumaric acid, sinapic acid from
rice bran, curcumin from turmeric, and querce-
tin from onion skin improve the functional
properties of bread. Antioxidant profiles can be
studied using a method combining spectropho-
tometry and HPLC [40]. Antioxidant activity is
determined as the total effect of free and bound
phenolic compounds. In wholegrain products
like bread, baking resulted in an increase in free
phenolic acids but a decrease in bound phenolic
acids with ferulic acid as the principal phenolic
[41]. In bread supplemented with rice bran, both
free and bound phenolics increased, but barley
free phenolics decreased due to the interaction
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of phenolic compounds with proanthocyanidins
and minerals such as iron. In contrast, fermenta-
tion and baking showed a positive effect by liber-
ating bound ferulic acid in bread supplemented
with nejayote. The loss of antioxidant proper-
ties during cooking can be avoided by the use
of the microencapsulation technique as shown
when supplementation with green tea extract is
compared to supplementation with microencap-
sulated green tea extract. Thus, although baking
reduces antioxidant activity, fortification results
in increased antioxidant activity compared to un-
fortified breads.

The types of agents used in fermentation, an es-
sential step in bread making, also influence anti-
oxidant activity by altering the fermenting agent.
In brewer’s spent grain breads, sourdough and
enzymes did not change the phenolic profile but
did increase the in vitro antioxidant activity of
breads [42]. The addition of legume (chickpea,
lentil and bean) flours to wheat flour bread with
a sourdough fermentation agent containing lactic
acid bacteria showed a marked increase in DPPH
radical quenching ability and phytase activity
[43]. Similarly, when a micronized by-product of
durum wheat was added to bread, better nutri-
tional quality was observed in sourdough bread
compared with yeast-fermented dough. In con-
trast, Monascus mould improved bread enriched
with anka (fermented rice) by supplying mona-
colin K, GABA and dietary fibre with beneficial
health effects. However, fermented citrus peel
showed lower antioxidant activity than unfer-
mented citrus peel when added to bread. Newer
stress-resistant yeast strains producing antioxi-
dant enzymes are being developed to enhance the
fermentation ability of bread dough [44].
Finally, baking of bread in an oven or on a hearth
significantly affects its phenolic profile and scav-
enging activity due to the formation of new prod-
ucts from sensitive compounds like polyphenols,
reducing sugars and protein. The Maillard reac-
tion and caramelization are the main chemical
reactions during baking. The Maillard reaction is
a chemical reaction between amino acids and re-
ducing sugars that gives browned food its desira-
ble flavour and in baking causes the formation of a
brown crust. Maillard reaction products also con-

tribute to antioxidant activity. In bread fortified
with intermediated pearled wheat fraction, more
TPC content was found than supplied by the raw
materials due to formation of new intermediate
phenolic products through the Maillard reaction.
The antioxidant activity of rye bread, especially
in the crust, was also affected by the Maillard re-
action occurring during baking. Advanced Mail-
lard reaction products resulted in good scaveng-
ing of peroxyl and ABTS radicals and increased
TPC, enhancing the formation of antioxidants
during rye bread baking [45]. Typical chestnut
flour volatiles such as furans and pyrroles were
formed due to same type of reaction, producing
toasty and nutty notes which improved consum-
er acceptability. Also, natural antioxidant sources
like grape seed extract showed inhibitory effects
on the formation of the detrimental compound
CML in crust during baking. The interaction be-
tween phenolics (flavonoids) and protein affects
the antioxidant efficacy of flavonoids, as observed
following onion skin fortification of bread [46].

Apart from their antioxidant activity, natural
sources of antioxidants affected the digestive sys-
tem. Negative effects resulting from the binding
of phenolic compounds to protein and starch
have been mentioned above. Similarly, inhibition
of enzymes (protease and amylase) also reduces
protein and starch digestibility, resulting in in-
creased levels of free amino groups and resistant
starch [10]. The anti-inflammatory activity asso-
ciated with maca-enriched bread, in vitro release
of catalase activator and the anticancer activity
of broccoli sprout-fortified bread demonstrate
the dynamic role of natural antioxidant sources.
Supplementation of wheat flour usually increased
dietary fibre, which consequently affected glu-
cose absorption. S. rebaudiana extracts added to
wholegrain flours decreased glucose absorption
by increasing dietary fibre, while the addition of
maca flour had an inhibiting effect on a-amylase
and a-glucosidase, thus also hindering glucose
absorption. Different types of fibre have different
impacts. When whole wheat flour, which has a
high content of insoluble dietary fibre, was sup-
plemented with cellulose, the amount of resistant
starch increased while the amount of digestible
starch decreased, thus delaying starch digestion.
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In contrast, barley, oat and rye contain higher lev-
els of soluble dietary fibre and so have less effect
on lowering glucose absorption [28].

The type of wheat flour used was also a major factor
affecting antioxidant activity. The effect of the coat
colour of wheat was studied. Investigations showed
that red and white wheat grain flour showed dif-
ferent phenolic acid profiles despite having com-
parable total phenolic acid content (TPAC) [47].
A similar effect was observed when red and white
sorghum flours were added to wheat bread. Kisra,
a traditional flat Sudanese bread, was prepared us-
ing two different sorghum cultivars. The two types
of bread showed significantly different FRAP and
DPPH values, which were both enhanced by bak-
ing, with increased fermentation time also result-
ing in higher values and hence increased antioxi-
dant activity [48]. Therefore, a change in type of
dough flour can lead to a remarkable change in
antioxidant activity. Another investigation found
that, despite loss of TPC and antioxidant activity
following baking, breads containing pseudocereals
showed significantly higher antioxidant capacity
than bread made only with wheat flour [49].

The physical properties of a fortifying agent have
a combined effect on overall acceptability. Gluten
quality and quantity are important characteristics
of bakery flour. Gluten quantity decreases when
natural sources of antioxidants such as turmeric,
ginger and coriander powder are added to wheat
flour. High fibre and gluten-free flours such as rice
bran, banana pseudo-stem, chestnut and sorghum,
and spices such as fennel and cinnamon affect the
gluten chain by diluting it with fibre and fibre-
induced increased water absorption capacity. With
a decreased bread volume, high moisture content
also effects bread quality negatively. Consequently,
a higher level of coriander supplementation re-
sulted in improved bread due to the lower level
of fibre. The addition of microionized by-products
of debranned durum wheat to sourdough also in-
creased loaf volume compared to the same supple-
mentation of yeast dough.

Hydrocolloids like CMC when added to banana
pseudo-stem-fortified bread improved physical
properties by balancing soluble and insoluble di-
etary fibre content with decreased antioxidant
activity. The hydrocolloid-like properties of natu-

Nutrafoods (2016) 15:163-178

rally formed alkali-treated fibre in nejayote solids
also provide another method of improving bread.
The darkness of crumb and crust is directly propor-
tional to phenolic content and Maillard reaction.
A higher level of reducing sugar in chestnut flour
and higher levels of protein in rice bran increased
the darkness of bread crust, while the crumb col-
our was affected by turmeric and coriander.
Another important parameter is taste which is per-
ceived as flavour combined with aroma. The ac-
ceptability of the sweet aroma of fennel seed, the
pungency of ginger and the woody notes of chest-
nut is related to the amount of fortification. Dif-
ferences in processing like employing sourdough
instead of yeast fermentation, masked the inferior
flavour of grape by-product and improved the
sensory profile of bread containing microionized
by-products from debranned durum wheat. At in-
creased level of Stevia rebaudiana the product be-
comes less sweet than control due to the presence
of chlorophyll pigment and glycosides. In general,
higher levels of fortification with natural sources
of antioxidants negatively affect bread quality, so
it is important to identify of optimum levels of
supplementation.

In addition to the various processing parameters,
storage conditions also affect antioxidants in bread.
One study showed that the TPC and oxidative sta-
bility of bread samples decreased during storage
depending on the manufacturing process. How-
ever, frozen dough bread lost less phenolics and
had higher oxidative stability compared to frozen
baked bread [50]. This indicates the fortification
ingredient as well as various environmental, physi-
cal and chemical factors affect the antioxidant ca-
pacity of breads enriched with natural sources of
antioxidants.
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