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Abstract

Seaweeds are considered a promising ingredient to use in developing novel food products, due to their nutritional compo-
sition and richness in bioactive compounds. The aim of this work is to investigate the effect of four seaweeds (Chlorella
vulgaris CH, Laminaria ochroleuca KO, Ulva spp. SL, Arthrospira platensis SP) enrichment (1%, 2.5%, 4%, flour basis)
on technological performance and nutraceutical prospective of soft wheat bread. To do this, dough rheological properties
measured by means of farinograph and consistograph parameters, baking response (loaf volume, colour, and porosity), and
nutraceutical potential of bread (total soluble phenolic compounds, pigments, and antioxidant activity) were evaluated. Algae
addition significantly decreased water absorption and development time, except to SL, and increased stability up to 2.5%, and
tenacity for KO. In terms of bread properties, the specific volume was positively affected by SP addition, while negatively
by KO enrichment; the porosity enhanced especially for SP and CH. Then, bread crumbs and crusts showed a darker and
greener colour, especially for green algae. All seaweeds enriched breads showed significant higher phenolic compounds,
chlorophylls a and b, and yellow pigment. At last, SP, SL, and CH at 4% level pointed out the highest antioxidant capacity.
Our results suggested that the four algal biomasses could be a suitable ingredient in bread making, also in a perspective of
a healthier and sustainable diet.

Keywords Spirulina - Chlorella - Kombu - Sea lettuce - Rheological properties - Bioactive compounds

Introduction consumption of these sea vegetables has also been increas-

ing in Western countries, as consequence of globalization,

In recent years, the stronger awareness towards health ben-
efits associated to the consumption of specific foods or
food ingredients, such as macro- and micro-algae, has been
influencing the choices of customers and, as a consequent,
the global demand for seaweeds has been growing rapidly.
According to the report by Allied Market Research [1], the
global seaweed market size was valued at $4097.93 million
in 2017 and is projected to reach $9075.65 million by 2024.
The human food segment accounts for the highest share in
seaweed market, due to the increasing utilization of seaweed
for human consumption. In fact, seaweeds have tradition-
ally been forming part of the Oriental diet, but, recently,
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migration, multiculturalism, various end-use for industries,
and the growing awareness towards health benefits [2]. To
encourage greater consumption of algae in Western coun-
tries as an important alternative source of protein for a sus-
tainable global food system and food security, the European
Commission has provided a well-targeted support for the
industry of algae in the Blue Growth initiative and the Farm
to Fork Strategy. In support to these initiatives, the European
researchers are increasing studies on the possible applica-
tions of seaweeds across various end-use industries.

The relevance of seaweeds is due to their richness in bio-
active compounds and nutrients such as polysaccharides,
proteins, minerals, vitamins, and phenols, and their low
lipid content with high concentrations of certain long-chain
polyunsaturated fatty acids [3], although chemical composi-
tion strongly depends on species, origin, season of harvest,
and environmental conditions [2]. Furthermore, a regular
seaweeds consumption is associated with health benefits,
including anti-inflammatories, antimicrobial, antihyperten-
sive, antihyperlipidemic, immunomodulatory, antidiabetic,
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and anticoagulant activities, weight management, and
disease prevention [4-8]. Therefore, algae can be used to
extract compounds for pharmaceutical, cosmetics, and food
industries as source of phycocolloids, thickening, and gel-
ling agents [3]. Furthermore, palatable and healthy algae-
based foods, such as pasta, bread, biscuits, snacks, vegetable
soups, candy bars or gums, yoghurts, ice creams, drinks,
etc., were developed [9-15]. Seaweeds are also interesting
for their technological properties: they can influence textural
properties, colour stability, solubility, water/oil absorption
capacity, foaming capacity, and emulsification when added
to other ingredients in food making [16]. For all these rea-
sons, they could be promoted as functional ingredients or
nutraceuticals [4, 17].

Nowadays, many studies have focused attention on two
micro-algae, Spirulina and Chlorella, being the most culti-
vated worldwide today [18], as ingredients for functional
foods. On the contrary, few researchers have evaluated the
effect of enrichment of other strains into algae-based foods.
In light of these considerations, the aim of this work was
to investigate the influence of four seaweeds [Chlorella
vulgaris, Laminaria ochroleuca (Kombu), Ulva spp. (Sea
lettuce), Arthrospira platensis (Spirulina)] at different inte-
gration level (1%, 2.5%, and 4%) on dough rheological prop-
erties, and final quality and relative antioxidant potential
of enriched breads. To the best of our knowledge, there is
only one study dealing with the effect of Kombu addition on
cereal-based baked products [19], while there are no litera-
ture data on the use of Sea lettuce for the same purpose. The
choice to investigate Kombu and Sea lettuce is due to the fact
that they are algae commonly consumed and readily avail-
able in markets, but currently underutilised in food industry.

Materials and methods
Materials

Commercial refined soft wheat flour and four seaweeds,
Kombu (brown alga), Chlorella (green alga), Sea lettuce
(green alga), and Spirulina (blue-green alga), were con-
sidered in this study. Algae were produced and purchased
from the following companies: Chlorella from Cibocrudo
stl [Ciciliano (RM), Italy], Kombu from La finestra sul cielo
S.p.A. [Villareggia (TO), Italy], Sea lettuce from Consonni
bioalghe srl (Milan, Italy), and Spirulina from Ellegi frutta
secca Sas (Rome, Italy). Chlorella, Kombu, and Spirulina
were bought powdered, whereas Sea lettuce was ground by
a Biihler MLI 203 sifter (Milan, Italy) and sieved to obtain a
fine flour with particle sizes from 400 to 500 pm. Seaweeds,
flours, fresh compressed yeast, and salt were bought from
local markets.
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Reagents used to perform the analyses

Analytical reagent grade hydrochloric acid and methanol
were obtained from Carlo Erba Reagents (Milan, Italy).
Standards of gallic acid, Folin—Ciocalteu reagent, was
purchased from Sigma—Aldrich (Milan, Italy), as well as
2,2-diphenyl-1-picrylhydrazyl radical (DPPH), potassium
persulfate and 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid (Trolox). K-TDFR reagent kit, were by
Megazyme Int., (Wicklow, Ireland). Deionized water was
produced by a Milli-Q unit (Millipore, Bedford, MA, USA).

Proximate composition

The determination of the proximate composition of the
matrices under study was performed in triplicate and the
data were expressed as weight percentage on a dry weight
basis (%dw). Moisture, proteins, lipids, and ash were deter-
mined by the ICC standard methods 110/1, 105/2, 136,
104/1, respectively [20]. Protein content was estimated
using the conversion factor 5.70 for wheat flour and 6.25 for
seaweeds. Total dietary fiber (TDF) content was measured
according to Lee et al. [21].

FTIR analysis

FTIR-ATR spectrometer (iS 10 FT-IR Nicolet Thermo
Fisher Scientific Inc., USA) equipped with a diamond crys-
tal cell (ATR) was used for MIR spectra acquisition. The
spectra were acquired at 4 cm™" resolution, 32 scans of each
milled sample, an interval between spectra data points of
0.482 ¢cm™! CO, atmospheric correction, in the wavenumber
range of 4000-650 cm™!. A background spectrum of air was
collected to correct the sample spectra and after scanning
each sample, the ATR crystal was cleaned with propan-2-ol
and ethanol and the cleanliness of ATR crystal was veri-
fied. Measurements were repeated 10 times and spectra were
acquired and then processed with the OMNIC™ software
(Thermo Fisher Scientific Inc., USA).

Rheological tests

Water absorption (WA) at 14% moisture content, dough sta-
bility (DS), and development time (DT) were carried out
with a Brabender farinograph, according to Standard Method
No. 54-21 [22]. The dough strength (W), dough tenacity (P),
dough extensibility (L), configuration ratio (P/L), and elas-
ticity index (Ie) of wheat flour were determined by means of
a Chopin Alveograph (Method 54-30 A) (AACC, 2003). The
elasticity index is defined as the percentage ratio between
pressure P, after 200 mL volume of air has been blown
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into the dough test piece or bubble and the maximum pres-
sure (P). Determination of alveoconsistograph properties of
dough at constant and adapted hydration was obtained using
a Chopin Consistograph (Method 54-50) (AACC, 2003).
These properties were: maximum pressure recorded during
kneading (PrMax); water absorption capacity of sample at
a target pressure of 2200+ 100 mm H,O (HYD2200); time
to reach maximum pressure (TprMax); tolerance (Tol), i.e.
time elapsed since dough consistency reaches its maximum
until it decreases down to a 20%; drop in pressure at 250 s
from PrMax minus 20% (D250); drop in pressure at 450 s
from PrMax minus 20% (D450). Decay values at 250 s and
450 s are negatively correlated with dough mixing stability.

Since wheat flour/seaweeds blends did not have the
chemical-physical characteristics for the alveographic test
(excessive viscosity and low extensibility), especially for
those with Kombu, the consistograph tests were considered
to measure the water absorption capacity of blends, and to
follow dough behaviour during mixing.

Bread making procedure

Different types of bread were considered: one of soft wheat
flour, used as a reference (the Control bread, indicated by
CO), and others with wheat flour/seaweeds blends at three
levels (99/1%, 97.5/2.5%, and 96/4%). Therefore, bread
loaves enriched with 1% Chlorella (CH1), 2.5% Chlorella
(CH2.5), 4% Chlorella (CH4), 1% Kombu (KO1), 2.5%
Kombu (KO2.5), 4% Kombu (KO4), 1% Sea lettuce (SL1),
2.5% Sea lettuce (SL2.5), 4% Sea lettuce (SL4), 1% Spir-
ulina (SP1), 2.5% Spirulina (SP2.5), and 4% Spirulina (SP4)
were produced. The choice of enriching soft wheat flour with
maximum algae level at 4% was determined considering that
some authors found that higher levels could negatively affect
the qualitative and sensory characteristics of foods [23-25].

The dough was made with 500 g flour (14% moisture
basis), water (the optimum quantity was determined by
means of the Farinograph), 20 g of compressed baker’s
yeast, and salt (4% on flour weight). The ingredients were
mixed for 6 min in a planetary bread mixer (Quick 20 by
Sottoriva, Marano, Italy). Once the dough was formed, it
was fermented for 30 min in a fermentation cabinet at 30 °C.
Then, the dough was scaled into three equal pieces, which
were placed in baking tins and proofed for 1.50 min at 30 °C.
At the end, they were baked for 28 min at 220 °C in a con-
vection/steam oven. Baking tests were performed on each
blend using three replicates.

Volume measurements
The volume of bread loaf was measured 24 h after removal

from the oven using method 10-05.01 [22], based on rape-
seed displacement. The specific volume (three replicates)

was determined through the volume/weight ratio and
expressed in cm® g~ .

Colour measurement and image analysis

Colour measurements were taken on crumb of bread loaves,
using a Chroma Meter CR-200 (Konica Minolta, Tokyo,
Japan) and according to CIE-Lab system of lightness (L),
redness (a*), and yellowness (b*). The tests took place on
day 1, and the results are the average of measurements of
four different points per sample.

To assess crumb porosity, images of central slices (20 mm
thickness) of each loaf were acquired twice using a digital
camera Nikon D850 at a high resolution and a colour depth
of 16 bits, saving the captured images in uncompressed
RAW format. A region of interest (ROI) of 650 x 650 pixels,
representative of the whole sample surface, was extracted
from each image using the Adobe Photoshop. Then, the
collected images were processed by Image Pro 10 software
(Media Cybernetics Inc., USA). Morphological charac-
terization of the bubble area (mm?) and porosity (%), i.e.
the area of pores over the total area, were calculated. Fur-
thermore, pores were classified into five classes CA; based
on their area (CA: bubbles with area<0.49 mm?; CA,:
bubbles with area between 0.50 and 0.99 mm?; CA;: bub-
bles with area between 1.00 and 4.99 mm?; CA,: bubbles
with area between 5.00 and 49.99 mm?; CA5: bubbles with
area>50.00 mm?). The CA, classes were calculated as the
ratio between the sub-area and total pore area.

Bioactive compounds and antioxidant capacity
determination

Total soluble phenolic compounds (TSPC) and antioxidant
activity (AA) were determined on methanolic extracts.
Briefly, 2 g of milled freeze dry bread were extract with
25 ml of a hydroalcoholic solution (methanol: water = 80:20,
v/v) acidified with 0.1% HCI (v/v) under magnetic stirring
(300 rpm), for 30 min, at room temperature and in the dark.
The mixture was then submitted to an ultrasound-assisted
extraction for another 30 min (40 kHz, 10 °C). The resulting
extracts were then centrifuged at 6792 g, for 15 min at 4 °C.
Pellets were extracted once again in the same manner. Then,
the supernatants were collected and immediately analysed.
TSPC and AA were determinate according to Ciccoritti et al.
[26] and the data were expressed as mg gallic acid equiva-
lents (GAE) and mg of Trolox equivalent antioxidant capac-
ity per kilogram (mg TEAC/kg dw) using a gallic acid and
Trolox dose-response curve.

Pigments, i.e. chlorophyll a (Ch,), chlorophyll b (Chy),
and b carotenoids (yellow pigment YPG), were determined
using methanol as a solvent accordingly to Dere et al. [27].
The results were expressed as micrograms of chlorophyll a,
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chlorophyll b, and b carotenoids per grams of dry weight

(pg/g dw).
All determination was performed in triplicate.

Statistical analysis

Differences in all measured properties were determined
using a one-way analysis of variance (ANOVA) and the
non-parametric Dunn’s post hoc test at a significance level
of 5%. Data were processed using SPSS statistical software
(version 22, SPSS, Chicago, IL, USA).

Results and discussion
Wheat flour and seaweeds characteristics

Biochemical composition of the soft wheat flour and four
commercial seaweeds (Chlorella, Kombu, Sea lettuce,
and Spirulina) is shown in Table 1. The wheat flour prox-
imal composition showed a moisture level of 14.3%, ash
0.56 g/100 g dw, total protein of 12.5 g/100 g dw, lipids of
0.7 g/100 g dw, and total dietary fiber of 2.5% g/100 g dw.
These values were typical of the flours used for bread
making.

Regarding the seaweeds, it is well known that protein con-
tent mainly depends on algal species, their geographic area,
year, season, and environmental conditions [28]. Microalgae
as Spirulina and Chlorella are rich in protein, containing up
to 70% dry weight protein. For this reason, they are sold
as supplements or used to enrich many foods. Although to
a lesser extent than micro-algae, green macro-algae, such
as Sea lettuce, have high level of protein. On the contrary,
brown algae, such as Kombu, show the lowest protein con-
tent (below 15 g/100 g dw), in comparison to all the various
groups of algae [2, 28]. Our results confirm this trend. Spir-
ulina showed the highest protein contents (63.5 g/100 g dw),
followed by Chlorella (58.1 g/100 g dw), Sea lettuce
(15.9 g/100 g dw), and Kombu (7.1 g/100 g dw). Seaweeds
typically contain low lipid content, mainly made up of poly-
unsaturated fatty acids, most noteworthy as functional foods

[28]. Lipid content ranged from 2.0 g/100 g dw for Sea let-
tuce to 8.2 g/100 g dw to Spirulina. Carbohydrates varied
from 9.1 g/100 g dw for Spirulina to 16.0 g/100 g dw for
Kombu. Edible macro-algae usually contain higher amounts
of dietary fiber than micro-algae [28]. Kombu exhibited the
highest value (35.0 g/100 g dw), similarly to Sea lettuce
(34.4 2/100 g dw). Chlorella and Spirulina values were lower
(12.1 g/100 g dw and 7.0 g/100 g dw, respectively). The
enrichment of foods with seaweeds flours with low or null
fiber content could help to reach the recommended daily
fiber intake of 30-35 g/day for men and 25-32 g/day for
women in most Western countries [29].

Infrared spectra of seaweeds

FTIR-ATR spectra of seaweeds samples (Chlorella, Kombu,
Sea lettuce, and Spirulina) in the range 4000-650 cm™!
revealed the presence of hydroxyl, amino, carboxylic, and
carbonyl groups (Fig. 1). In particular, a variable number of
characteristic absorption peaks in relation to the different
algae (from 8 to 10) was well noticeable (Fig. 1, Table 2)
and revealed a different chemical composition of samples.
In detail, the first peak (around 3280-3230 cm™!) could be
assigned to the OH and NH stretching vibrations, while the
bands observed between 3000 and 2800 cm™! were due
to CH and CH, stretching vibrations. Carbonyl (C double
bond O) stretching of carboxylic acids was found around
1750-1580 cm™!, while bands involving the bending vibra-
tions of (N—H) bending (C-N) stretching groups were cen-
tred at 1570-1400 cm™' [30-32].

Absorption band maxima in the mid-infrared region
between 1390 and 1280 cm™' were associated with the typi-
cal absorptions due to the stretching of C—O bonds and O-H
bending vibration like those of alcohols moieties found in
carbohydrates, celluloses, and hemicelluloses present in
seaweeds [30]. Moreover, a number of signals was found at
1200-970 cm™! and 950-800 cm™!, due to stretching vibra-
tion of glycosidic bonds [33].

According to Ponnuswamy et al. [30], the region from
3000 to 3600 cm™! was characterized by the typical bands
of water and protein such as O—H and N-H stretching,

Table 1 Biochemical composition (ash, protein, lipids, carbohydrates, and total dietary fiber TDF) of soft wheat and four commercial seaweeds

Common name Latin name Ash Protein Lipids Carbohydrates TDF

(g/100 g dw) (g/100 g dw) (g/100 g dw) (g/100 g dw) (g/100 g dw)
Soft wheat Triticum aestivum 0.56+0.01 12.5+0.2 0.7+0.1 719+1.2 2.5+0.1
Chlorella Chlorella vulgaris - 58.1+£0.2b 6.7+0.2b 11.2+03 ¢ 12.1+£0.2b
Kombu Laminaria ochroleuca - 7.1+0.1d 2.1+0.1¢ 16.0+03a 350+03a
Sea lettuce Ulva spp. - 159+02c¢ 2.0+0.1¢ 13.8+0.3b 344+03a
Spirulina Arthrospira platensis - 63.5+03a 82+02a 9.1+0.2d 7.0+02c¢

Different letters in a column indicate significant differences (P <0.05)
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Fig. 1 Typical average FTIR
spectra and characteristic peaks
of measured seaweeds samples
300% 579 mm (96 x 96 DPI)
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Table 2 Spectral features of four seaweeds

Main peak Wave number Seaweeds Typical band

(cm™) range (cm™)

3280 3000-3600 Chlorella and Spirulina Water V (O-H) stretching

3253 Kombu Protein V (N-H) stretching

3236 Sea lettuce

2925 2800-3000 Chlorella Lipid—carbohydrate (CH2) and(CH2) stretching

2935 Kombu

2922 Spirulina

1636 1580-1750 Chlorella and Sea lettuce  Protein amide I band (C=0) stretching

1605 Kombu

1646 Spirulina

1538 1470-1570 Chlorella Protein amide II band (N-H) (C-N) stretching

1540 Spirulina

1454 1480-1400 Chlorella Protein (CH2) and (CH3) bending of methyl lipid (CH2) bending of methyl
1449 Kombu

1417 Sea lettuce

1456 Spirulina

1393 1390-1280 Chlorella C-O Stretching, O—H bending vibration presence of alcohol
1376 Kombu

1395 Spirulina

1228 1240-1200 Chlorella Nucleic acid (other phosphate containing compounds) P =0 stretching of phospho-
1248 Kombu diesters

1206 Sea lettuce

1231 Spirulina

1072 1150-1060 Chlorella Carbohydrate (-O—C) of polysaccharides. Nucleic acid (other phosphate containing
1081 Kombu compounds) P =0 stretching of phosphodiesters

1074 Sea lettuce

1075 Spirulina

1050 1059-980 Chlorella Carbohydrate (C—O-C) of polysaccharides

1021 Kombu

983 Sea lettuce

1033 Spirulina

930; 889; 873  950-800 Kombu Out of plane C—H bending of polysaccharides

837 Sea lettuce

whereas the spectral regions between 3000 and 2800 cm™!
typical for CH, stretching could be associated to lipid and
carbohydrate (Table 2). Furthermore, Ponnuswamy et al.
[30] reported that the region between 1750 and 1470 cm™!
was characterized by the C=0 stretching, (N-H) bending
and (C-N) stretching strongly correlated to the proteins.
The peak around 1480-1400 cm™' was assigned to the CH,
and CH; binding with methyl and indicated a representa-
tive feature of proteins and lipid. The region from 1240
to 1200 cm~! was peculiar for P=0 of the nucleic acid
and compounds containing phosphate, while the signals
between 1150 and 800 cm™!, assigned (-O-C) (C-0-C)
and planar C-H bending, referred to carbohydrates such
as polysaccharides [30, 33]. As depicted in Fig. 1, sig-
nificant differences in these spectral regions were found
highlighting a significant quality quantitative composition
variation among the different seaweeds samples. In par-
ticular, the highest protein content samples (Spirulina and
Chlorella) showed the highest peak height in the spectral
regions between 1580 and 1400 cm™!, differently from
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Kombu and Sea lettuce, which were significantly lower at
around 16501600 cm~! and completely absent at around
1540 cm™!. Differences in the proteins content were also
observed by chemical determination reported in Table 1.
Other important spectral variations among the samples
were found in region 3000-2800 cm™!, characterized by
lowest signal for Kombu and Sea lettuce in comparison
with Chlorella and Spirulina. As previously reported, this
spectral region was generally referred to lipids (Table 2),
which were low in Kombu and Sea lettuce respect to Chlo-
rella and Spirulina. The spectral region between 1150 and
800 cm™!, generally referred to algae polysaccharides,
revealed significantly differences, showing highest sig-
nal for Kombu and Sea Lettuce, which were character-
ized by highest carbohydrates and total dietary fiber con-
tent (Fig. 1). Other minor spectral signal variations were
reported in the regions at around 13901280 cm™' (C-O
stretching and OH bending of alcohols). As reported in
Fig. 1, Chlorella and Spirulina showed high peak com-
pared to Kombu and Sea Lettuce.
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Rheological characteristics of doughs

The rheological characteristics of control sample showed
dough strength W=232x 10~ J; dough tenacity P =64 mm;
dough extensibility L=110 mm; configuration ratio
P/L=0.58,; elasticity index Ie=58.2%. Blending the wheat
flour with seaweeds influenced dough technological prop-
erties, as showed in Table 3, because only wheat proteins
(gliadin and glutenin) are able to form gluten network. As
well known, wheat flour protein quantity and quality affected
dough viscoelasticity [34].

The water absorption ranged between 51.6 and 53.6%
for Chlorella; between 50.1 and 52.7% for Kombu; between
53.7 and 58.7% for Sea lettuce; between 50.9 and 53.9% for
Spirulina. WA values of blends were lower than CO except
for SL.2.5 and SL4. It could depend on the great number
of hydroxyl groups existing in fiber structure, which allow
more hydrogen bonding with water than gluten and starch
[35]. The incorporation of algae strongly reduced dough
development time for all samples, going from 11.9 to about
1.0 min for Chlorella, Kombu, and Spirulina. Sea lettuce
had a less markable decrease in DT (from 9.8 min for SL1
to 2.6 min for SL.2.5). It might be a consequence of the com-
bined action of fat, fiber, and proteins [36]. Furthermore,
weaker gluten-protein network can lead to a greater water
diffusion into dough, reducing mixing time [13]. Dough
stability noticeably increased for all blends at 1% seaweed
and CH2.5 and KO2.5, due to the presence of hydrocolloids
(mainly alginate, agar, and carrageenan [28]), whereas it
strongly decreased for KO4 and SL4. This decrease is prob-
ably due to an increase of viscosity of hydrated algae fibers,

especially for Kombu and Sea lettuce, which have high fiber
values.

Consistograph was employed to measure the water
absorption capacity of flours, by following dough behaviour
during mixing and by monitoring the pressure applied by
the dough. Higher pressure corresponds to a tougher dough,
i.e. under-hydrated dough. Maximum pressure (PrMax)
decreases when hydration level increases. Maximum pres-
sure is measured at a target consistency of 2200 mb and
the water absorption needed to reach the target consistency
(HYD2200) was calculated. The hydration measured by
consistograph can be compared to the farinograph water
absorption, although could be lower than farinograph
values (because a firmer consistency is sought) [37]. Our
results indicated that HYD2200 was increased by fiber and
hydrocolloids addition (Table 3), according to results previ-
ously obtained [36, 38, 39]. Regarding PrMax, Chlorella
and Spirulina showed a decrease in pressure with increas-
ing algae content (from 3231 to 2590 mb, and from 3196
to 2775 mb, respectively), whereas Kombu and Sea lettuce
showed an opposite behaviour (from 2741 to 3070 mb, and
from 2715 to 3706 mb, respectively) (Table 3). High val-
ues of non-gluten proteins could make weaker the gluten
network, reducing the number of intra/inter chain disulfide
bonds, and decreased tenacity [40]. On the contrary, the
presence of high fiber values increased the resistance to
mixing for dough with Kombu and Sea lettuce; therefore,
PrMax increased with increasing algae content. For the
same reasons, time to reach maximum pressure (TprMax)
increased as a consequence of higher levels of fiber incorpo-
rated with these seaweed flours for macro-algae (from 245

Table 3 Farinograph and

: . Farinogram Consistogram CH Consistogram AH

alveoconsistograph properties

at constant (CH) and adapted WA DT DS PrMax HYD2200 TprMax Tol D250 D450

(AH) hydration for blends with (%) (min) (min) (mb) (%) (s) (s) (mb) (mb)

different wheat-to-algae ratios
CcO 554 9.1 14.1 2805 53.9 234 325 7 495
CH1 51.6 1.1 229 3231 55.8 249 315 0 595
CH2.5 52.0 1.3 20.6 3002 54.8 241 333 12 530
CH4 53.6 1.0 10.7 2590 52.9 139 223 308 930
KO1 50.1 1.3 29.3 2741 50.7 245 385 41 433
KO2.5 52.0 1.1 239 2895 51.8 268 387 119 399
KO4 52.7 0.9 1.7 3070 55.1 330 316 222 369
SL1 53.7 9.8 18.7 2715 53.5 193 281 71 734
SL2.5 55.4 2.6 13.1 2895 543 223 261 31 834
SL4 58.7 54 5.7 3706 57.9 233 307 10 559
SP1 50.9 1.2 24.5 3196 55.6 223 335 18 490
SP2.5 524 1.5 13.7 3060 55.0 159 357 101 497
SP4 53.9 1.1 12.2 2775 53.7 166 290 98 636

WA water absorption, DT development time, DS dough stability, PrMax maximum pressure recorded dur-
ing kneading, HYD2200 water absorption capacity of sample at target pressure of 2200 mm, TprMax time
to reach maximum pressure, 7ol tolerance, D250 drop in pressure at 250 s for PrMax minus 20%, D450
drop in pressure at 450 s for PrMax minus 20%

@ Springer



2438

European Food Research and Technology (2021) 247:2431-2443

to 330 s for Kombu, and from 193 to 233 s for Sea lettuce),
whereas decreased for micro-algae (from 249 to 139 s for
Chlorella, and from 223 to 166 s for Sea lettuce). Studies
have shown similar behaviour, highlighting that a different
extent depends on fiber origin and its composition [36, 38].
In particular, fibers and microcrystalline cellulose with high
values of insoluble fiber contents yielded low increase of
TprMax, while high values of soluble fiber contents pro-
duced high increase of TprMax. In general, high non-gluten
proteins content has a positive effect on tolerance, whereas
high fat and fiber contents decrease tolerance [36, 41-43].
The interaction of these three parameters caused a masked
and unclear effect on all doughs, also in comparison with
CO. At last, decay values at 250 s (D250) and 450 s (D450)
of blends were higher than those of CO, with the exception
of Kombu. It means that the algae addition makes doughs
less stable. Furthermore, stability decreased with increas-
ing micro-algae, SL.1 and SL2.5 content. On the contrary,
it increased as increase Kombu levels. These results are in
accordance with previous studies. Stability is increased by
fibers and/or small amounts of fats, and it is diminished by
non-gluten proteins and/or high amounts of fats [36, 38,
41-44].

Physical characteristics of breads

The specific volume of bread loaves is generally consid-
ered a measure of the bread expansion. The effects of algae
incorporation on specific volumes are shown in Table 4. The
enrichment with Spirulina positively affected specific vol-
ume (on average increase about 5%) whereas an opposite
behaviour was observed for Kombu, Sea lettuce, and CH4.

The different performance could be due to dilution and dis-
ruption effects on wheat proteins, water holding, and inter-
action with fibers and non-gluten proteins, which implies a
reduction of the extensibility and weakening of the gluten
network [38, 45, 46]. In addition, as previously reported by
Russel et al. [39], the presence of algae hydrocolloids could
positively affect specific volume with the exception of algi-
nate. In fact, alginate, the major polysaccharide of brown
algae [28], could be the cause of the reduction in the bread
volume, even at low Kombu content.

Colour parameters of bread crust and crumb are reported
in Table 4. They were significantly influenced by algae addi-
tion. Due to their pigmentation, seaweeds caused a darken-
ing effect for almost all samples (L* was significantly lower
than CO), and a shift towards green and blue for the sam-
ples enriched with green algae (a* and b* were significantly
lower than CO, respectively). The high chlorophyll content
in blue-green and green algae [47] also influenced bread
crumb colour. As algae concentration increased, lightness
decreased in relation to CO, especially for Chlorella and
Spirulina. At the same time, greenness increased for all the
samples with the exception of KO4. In fact, the presence of
fucoxanthin, various xanthophylls and p-carotene as domi-
nant pigments in brown algae masks effect of chlorophylls
a [48]. At last, yellowness decreased as the algae content
increased, especially for SP4. It could be due to the presence
of phycocyanin in Spirulina, a natural pigment often used as
food colorant [10].

Image analysis was applied to assess crumb porosity.
Representative images of the whole surface of slices of each
loaf bread are shown in Fig. 2. The addition of seaweeds
significantly influenced the area of porosity from 18.9% of

Table 4 Specific volume for loaves with different wheat-to-algae ratios and their crumb colour characteristics (L* =luminosity; a*=redness;

b*=yellowness)

Specific volume Crust Crumb

(mL/g) L* a* b* L* a* b*
(6[0) 2.83+0.01c 55.72+242a 1391+1.79b 41.16+4.07 a 74.68+3.38 a - 1.02+0.80b 22.17+1.76 a
CH1 2.88+0.04 be 36.46+2.86¢ 14.15+241b 24.22+2.77 ¢ 43.32+3.58d -420+127c¢ 19.66+4.46 ab
CH2.5 284+0.03c¢ 42.41+3.53 bc 549+1.63d 23.32+1.66 ¢ 36.04+2.96 ¢ —1.61+0.87bc 20.18+1.74 a
CH4 272+0.01d 46.98+3.02b 0.34+081le 20.57+1.69cd 29.98+3.85f —-3.62+144c 17.24+3.33b
KO1 2.74+0.01d 38.84+2.96 ¢ 22.11+340a 32.90+4.86 b 67.00+3.74 b —132+1.06bc  12.03£5.76 be
KO2.5 2.67+0.05e 43.73+£5.80bc  14.94+287Db 33.62+3.13b 56.09+440bc —1.28+1.71bc 18.76+5.62 ab
KO4 2.51+0.20 ef 54.05+242a 8.82+2.17¢ 32.61+£3.62b 50.83+4.21 cd 125+1.12a 14.85+1.63b
SL1 2.82+0.08 bc 38.98+2.29¢ 11.21+£2.70bc  17.87+2.00d 63.28+391b —255+1.80bc  13.26+£5.23 be
SL2.5 2.69+0.02e 40.11+5.95bc 8.88+2.61c 16.42+3.02d 472243.61cd —213+150bc 21.72+6.32 ab
SL4 245+0.03 f 39.86+3.33 bc 8.81+2.36¢ 19.73+1.09d 51.32+401c —-359+140c 20.13+4.00 ab
SP1 3.02+0.02a 45.27+435b 8.70+191c 33.46+2.24b 54.55+4.78 ¢ —-331+125¢ 19.85+5.78 ab
SP2.5 2.90+0.06 b 41.37+3.15 be 264+246de  26.60+1.12¢ 37.50+3.30e —498+146¢ 20.28 +£4.61 ab
SP4 2.93+0.01b 37.72+343 ¢ 0.19+1.75¢ 17.95+2.59d 37.40+4.74 ¢ —-7.94+0.76 d 11.49+146¢

Different letters in a column indicate significant differences (P <0.05)
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Fig.2 Region of interest (ROI)
representative of the whole sur-
face of slices of each bread loaf
139 %200 mm (96 X 96 DPI)
Control

"m"‘. : \'!’i

Chlorella

Kombu

Sea
lettuce

Spirulina

CO to 56.5% of SP2.5 (Table 5). High porosity was observed
especially for Spirulina and Chlorella, whereas the increase
for Kombu and Sea lettuce was lower. A similar behaviour
was also reflected in the trend of the five classes of pores
(Table 5). Although the percentages of each class were
similar for almost all the samples, differences in cell area
were detected in particular for SP2.5, with 85% of pores in
CA, and CA;, and for KO4 and CO, with 25.5% and 44.0%
of pores in CA, and CAg, respectively. Correspondingly,
small cell areas (< 1 mm?) accounted around 27.3% of the

1%

. )&.J

3 ﬁ
s

._4JJ

4%

total pore area for KO4 and 15.6% for CO, while 4.7% for
SP2.5 and 8.3% for SL2.5. Furthermore, almost all samples
have the highest proportion of alveoli in class CA,, with the
exception of SP2.5 (54% of pores in CA;), and CO and KO4
(with 40.4% and 47.2% of pores in CAj;, respectively). Add-
ing different amounts of Kombu to blends strongly affected
the bread porosity. In fact, as the Kombu flour increases, the
porosity in the higher classes has decreased, until it is zero in
CA; for KO4, and increased in the lower classes. Different
behaviour from other algae was recorded for blends with Sea
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Table 5 Porosity and area in

. . Porosity CA, CA, CA, CA, CA;

percentage of each fhmenswnal (%) (%) (%) (% )‘ (%) % )‘

class of pores CA;,i=1,...,5
(60) 189+1.7¢g 85+34bc 7.1+1.7bc 404+84ab 384+102c 57+11.4d
CH1 40.8+3.3¢ 48+07d 44+1.1de 232+4.0cd 48.7+54ab 189+3.1cd
CH25 434+24bc 63+04cd 64+05c 28.1+3.1c 420+15b 17.2+4.4 bed
CH4 46.8+0.6b 7.8+09b  7.6+0.8bc 29.1+7.6bcd 383+12c¢ 17.2+7.8 bed
KO1 28.8+6.9def 50+3.1bcd 5.1+2.0bcd 20.0+9.0d  52.3+204abc 17.6+16.5 bed
KO2.5 30.0+24ef 6.0+1.7bcd 6.2+19bc 29.1+8.1bcd 39.7+19.1abc  19.1+14.7 bed
KO4  298+09f 142+16a 13.1+21a 472427 a 255+23 ¢ 0.0+0.0e
SL1 334+33def 59+10bcd 52+04d 275+52bcd 494+12.7abc 12.0+8.7cd
SL25 375+6.4cde 4.1+09d 42+0.7de 20.0+42d 459+123abc 259+11.5bcd
SL4 423+19¢ 55+07d 53+12bc 18.6+3.6d 443+3.1ab 26.4+5.9 be
SP1 384+53cd 49+l4cd 44+15de 27.1+41cd 483+6.0ab 154+54cd
SP2.5 56.5+4.1a 24+05e 23+05f 103+3.0e 31.0+3.7 ad 54.0+75a
SP4 47.8+4.3 bc 81+25bc 7.3+2.0bc 26.7+7.0bcd 31.5+11.2abcd 26.5+21.5 abed

Different letters in a column indicate significant differences (P <0.05)

lettuce. In fact, the highest porosity occurred for SP2.5 and
not for the composite with 1% of algae, as was the case for
blends with the other three seaweeds. These results are in
accordance with previous studies. The use of brown macro-
algae as bread ingredient can affect crumb texture, reducing
its porosity especially for an algae content above 4% [24].
It can be due to high dietary fiber content and interaction
with fibers and non-gluten proteins, which diminish the
gas-retention ability [49]. On the contrary, the high content
of non-gluten proteins for micro-algae (from 63.5 g/100 g
for Spirulina and 58.1 g/100 g for Chlorella) and the low
fiber content (7.0 g/100 g for Spirulina and 12.1 g/100 g
for Chlorella) decreased dough stability, favoured gas cell

coalescence, i.e. a phenomenon that deteriorates the homo-
geneity of the cellular structure of bread crumb, and pro-
duced a less homogeneous structure with large pores.

Bioactive compounds and antioxidant capacity

The enrichment of wheat bread with algae significantly
increased the amount of bioactive compounds with an
increase directly proportional to the seaweeds content and
depending on genotype (Table 6). The highest amount of
total soluble phenols was recorded for Sea lettuce with an
increase of 3.8% (SL1), 10.2% (SL2.5), and 25.2% (SL4)
respect to CO, whereas the lowest value was observed for

Table 6 Characterization of

: ! TSPC Ch, Chy YPG AA
cenriched breads obtained by (GAE pg/gdw)  (ug/g dw) (uglg dw) (nglg dw) (ug TE/mg dw)
ifferent flour and seaweeds

ratios, compared with reference co 239.1+22¢ nd nd 129.2+3.2 ef 0.37+0.02 ¢

bread CHI 238.1424¢ 0244001 h  0454002g  1545+36d  036+0.01 cd
CH25  249.0+2.7d 0.77+004d  145+007d  1762+4.0c 0.39+£0.01 ¢
CH4 264.8+28¢ 095+0.05¢c  1.80+0.08c  2132+50a 0.44+0.02 b
KOl 2383+28e 0.14+0011  027+0.02h  1272+66ef  036+0.01c
KO2.5  2433+28de 046+0.04f  088+007f  1451+7.5de  038+001c
KO4 2483+29d 057+005e  1.09+0.09e¢  175.5+9.1¢c 0.41+0.02 b
SL1 248.7+37d 032+009g  057+0.16g  132.3+45e 0.37+£0.01 ¢
SL2.5 267.6+7.6¢ 128+0.12b  232+£020b  1477+57de  0.40+0.01 bc
SL4 319.9+139a 17140.10a  3.04+0.18a  179.7+8.5¢ 0.48+0.02 a
SP1 2448+37d 029+00lg  055+00lg  138.6+3.7¢ 037+£0.02¢
SP2.5 270.7+4.1¢ 095+00lc  1.78+00lc  158.1+4.2d 0.41+0.01 be
SP4 287.9+43b 1.19+0.02b  222+002b  191.3+5.1a 0.48+0.01 a

Different letters in a column indicate significant differences (P <0.05)

TSPC total soluble phenolic content, Ch, chlorophyll a, Chy chlorophyll b, YPG yellow pigment, AA anti-
oxidant activity
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bread enriched with Kombu. Unlike Mabeau and Fleurence
[50], green seaweed showed the highest phenols concentra-
tions compared to brown seaweeds. This difference could be
due to seasonal changes of polyphenols concentrations, to
environmental factors (light, saltiness or temperature), and to
variation within the different parts of thalli, such as old ver-
sus new thalli, basal part or frond [2, 51]. The TSPC values
of bread with Spirulina were similar to those found in previ-
ous studies. Fradinho et al. [10] obtained a value of 0.24 mg
GAE/g dw for pasta enriched with Spirulina at 2% level,
whereas Rodriguez De Marco et al. [13] found a value of
0.55 mg GAE/g dw for pasta enriched with Spirulina at 5%
level. Batista et al. [52] achieved total phenolic compounds
values of 0.42 mg GAE/g dw and 0.08 mg GAE/g dw for
cookies enhanced with Spirulina and Chlorella at 2% level,
respectively. Regarding the YPG, expressed as §-carotene
equivalent, all samples showed a significant increase in
comparison with CO, except for KO1. Furthermore, Chlo-
rella and Spirulina at 4% level showed the maximum values
(213.2+5.0 pg/g dw and 191.3 +5.1 pg/g dw of B-carotene),
while the lowest was found for Kombu. Among the enriched
breads, the highest amount of chlorophylls was found for
SL4 (Ch, 1.7140.10 pg/g dw and Chy 3.04 +0.18 pg/g dw),
whereas the lowest for KO1 (Ch, 0.14 +0.01 pg/g dw and
Chg 0.27 +£0.02 pg/g dw). Pigment variation could be
strongly related to the solar radiation; higher content is often
observed in summer and lower in winter [53]. Compared
to control bread, seaweeds incorporation at 4% level sig-
nificantly improved the antioxidant capacity of all samples.
SL4 and SP4 showed the highest increase, followed by CH4
and KO4. In light of this, seaweeds can be considered as a
potential source of antioxidants and phenols [54].

Conclusions

The results indicated that the dough rheological proper-
ties were strongly influenced by the algal species and the
enrichment amount. In terms of technological performance,
the combined action of non-gluten proteins, fats, and fibers
from algae modified dough rheological properties, basically
by reducing water absorption and mixing time, except for
doughs enriched with Sea lettuce, by increasing stability
up to 2.5% addition, and by increasing tenacity for Kombu.
Moreover, bread showed an increase of loaves specific vol-
ume only for different wheat-to-Sea lettuce ratios. Further-
more, bread loaves porosity was positively affected by algae
enrichment, albeit to a lesser extent for Kombu. Then, high
content of chlorophyll and carotenoids changed the colour
of crust and crumb, by producing a darkening effect, and a
shift towards green and blue for breads enriched with green
algae. In terms of nutraceutical potential, the seaweeds addi-
tion produced a strong and increasing effect on total soluble

phenolic compounds, pigments, and antioxidant activity,
especially for blends with Sea lettuce and Spirulina at 4%
level. Our results demonstrated that seaweeds supplementa-
tion could represent a practical way of formulating func-
tional bread with attractive qualitative and nutraceutical
characteristics.
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