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A B S T R A C T

The aim of this study is to investigate the potential of the addition of a microalgal biomass to improve nutritional

quality of bread. Microalgae contain a substantial amount of nutrients that are naturally encapsulated within

cells, namely proteins, polysaccharides, polyunsaturated fatty acids and pigments (chlorophylls and car-

otenoids), which are capable of resisting harsh conditions during food processing. However, the cell wall in-

tegrity may significantly limit nutrient availability, and microalgal cell disruption is potentially required as a

pretreatment.

A suspension of a fresh Chlorella vulgaris biomass (0.88 g/L) was disrupted in a high-pressure homogenizer at

340 MPa using 1 and 4 passages. The impact of the cell disruption method was evaluated in terms of the

reduction in the number of intact cells and average colony diameter of the remaining cells using flow cytometry

and microscopy.

Since cell disruption promotes the release of intracellular products, it can impart structural modifications to

doughs and breads. Therefore, doughs and breads were prepared with the fresh C. vulgaris biomass (1.0 g of Cv/

100 g of flour+Cv), the disrupted biomass, or a commercial powder. Doughs were characterized in terms of

texture and oscillatory rheology. The texture and colour of breads were also evaluated. Cell wall disruption

affected the colour and texture of the breads, resulting in breads with a higher firmness. Furthermore, bioactivity

was evaluated, and the reducing power of the bread extracts obtained using the ferric ion reducing antioxidant

power assay showed that cell disruption positively modulated the antioxidant capacity.

1. Introduction

Microalgae are known to contain a significant amount of nutrients

that play important roles in cellular life; they include simple natural

dyes and/or nutrients that exhibit a high level of biological activity

[1–3]. After their incorporation in staple foods, microalgae may exert a

substantial effect on health, with major benefits achieved when these

foods are consumed regularly. Nonetheless, the cell wall integrity may

significantly limit nutrient availability, since the structures of many

microalgae species are covered with multiple layers of resistant cell

walls that limit the release of cellular constituents [4]. The cell wall

represents a natural barrier that results in the low bioavailability of

intracellular molecules [5].

The controlled disruption of the cell wall (i.e. cell disruption) re-

sulting from the downstream processes of biomass production (spray-

drying or freeze-drying) or additional microalgal pretreatments has an

important impact on the bioavailability of microalgae contents. The

mechanisms by which these bioactives are released from the cells and

altered during food processing and the final bioactivity of these sub-

stances with powerful health benefits are important questions to be

answered. Cell rupture has been reported by several authors as a

spectrum, beginning with minor damage and the release of internal

biomolecules to complete cell disruption [6]. However, studies ex-

amining the effect of cell disruption on the bioactivity and physical

properties of food products enriched with microalgae are scarce.

Many cell disruption methods are available, but disruption remains

challenging since it depends on the cell wall structure and size and

shape of the microalgae [4]. The complex cell wall structure must be

disrupted to facilitate the liberation of the cellular contents. Extensive

research has been analysed the disruption of microalgal cells [5].

https://doi.org/10.1016/j.algal.2019.101749

Received 1 June 2019; Received in revised form 30 November 2019; Accepted 1 December 2019

⁎ Corresponding author.

E-mail address: crnunes@gmail.com (M.C. Nunes).

Algal Research 45 (2020) 101749

2211-9264/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/22119264
https://www.elsevier.com/locate/algal
https://doi.org/10.1016/j.algal.2019.101749
https://doi.org/10.1016/j.algal.2019.101749
mailto:crnunes@gmail.com
https://doi.org/10.1016/j.algal.2019.101749
http://crossmark.crossref.org/dialog/?doi=10.1016/j.algal.2019.101749&domain=pdf


Depending on the aim of the pretreatment, chemical, physical and

biological methods are employed, sometimes in combination, but an

optimal method has not been established, even for biofuel production

[3]. Recently, current and promising methods have been reviewed

[3,4,7–10]. Factors such as the yield, cost, quality, bioactivity, sus-

tainability, environmental pollution and residues must be investigated

to select the most appropriate method [1].

Physical methods have been generally used for cell wall disruption,

as they potentially avoid chemical contamination and preserve most of

the functionality of the intracellular biomolecules [3]. High-pressure

homogenization with the French press is one of the first methods used

to disrupt algal cells and has been applied to highly concentrated algal

pastes. A microalgal suspension is pumped through a narrow orifice

(80–200 μm) in a valve under high pressure (138–400 MPa) [9];

therefore, the suspension flows radially across the valve, strikes an

impact ring, is extruded through the valve and flows into a discharge

hole [7]. Mechanical effects such as turbulence, shear stress and cavi-

tation promote cell disruption. The efficiency of the process depends on

the pressure at the valve and the suspension properties (viscosity, cell

size, and cell concentration) [10]. The temperature, number of passes,

the valve and orifice designs, and a medium flow rate affect the effi-

ciency of the process. In addition, cooling is essential for heat-sensitive

products [11].

The cell wall composition of the Chlorella genus exhibits a great

diversity among species and strains, and depends on the growth con-

ditions and life stage of the cell [5,9]. Generally, the inner cell wall

layer has high cellulose and hemicellulose contents, both of which are

structural polysaccharides. Some authors described the presence of al-

gaenan in the outer cell wall, which is a highly resistant aliphatic

polymer [9]. Bernaerts et al. [12] studied the rheological properties of

aqueous microalgal suspensions after mechanical and thermal proces-

sing. These authors indicated that the effects of subsequent thermal

processing on the microstructure, viscoelastic properties and flow be-

haviour are determined by the previous mechanical treatment, since the

thermal process enhances interactions between the released cell com-

pounds. The authors suggested that Chlorella vulgaris would be used in

applications as functional ingredient in food following mechanical and/

or thermal processing.

In the last few years, our research group published studies de-

scribing innovative and healthy products enriched with microalgae

biomass, based on different food systems, e.g., emulsions [13], gels

[14,15], pasta [16,17] and cookies [18,19]. The use of C. vulgaris as a

food ingredient has been reported to be a promising method to enrich a

staple food, such as bread, with bioactive compounds [20]. The possi-

bility of adding a microalgal biomass to food depends on the type and

intensity of processing (e.g., thermal and mechanical), food system (e.g.,

emulsion, gel, or foam) and interactions with other food molecules.

Microalgae are exceptional sources of several components with im-

portant bioactivities that will potentially affect the food structure, de-

pending on the biomass composition of each microalgal species

[11,21].

The present study proposes to explore the potential of a microalgal

biomass to increase the nutritional quality of bread, while maintaining

its high sensory quality. A biomass pretreatment was applied to pro-

mote the controlled release of the active compounds through cell wall

disruption. A fresh C. vulgaris biomass was pre-processed using high-

pressure homogenization. The morphological changes in the cells were

observed using flow cytometry. Doughs prepared with the addition of

microalgae (1.0 g of Cv/100 g of flour+Cv) were characterized by

penetration and extensibility tests in a texturometer and by frequency

sweep tests in a rheometer. The texture and colour of the breads were

evaluated by comparing breads prepared with a fresh C. vulgaris bio-

mass, fresh biomass subjected to disruption, and commercial powder

(spray-dried product). Therefore, the effect of disruption on the anti-

oxidant capacity of the bread was studied.

2. Materials and methods

2.1. Materials

The suspension of a C. vulgaris freshwater biomass (0.88 g/L) was

supplied by Allmicroalgae Company (Pataias, Portugal). The commer-

cial C. vulgaris spray-dried powder (7.4% moisture) from the same

company (L201510134 batch) was also used and contained the fol-

lowing nutritional components: 55.7 g of protein/100 g, 5.1 g of car-

bohydrates/100 g and 5.2 g of fat/100 g. C. vulgaris is approved as a

food-grade organism by the European Food Safety Authority.

Bread was prepared with commercial wheat flour (Granel T65,

Portugal) with a minimum of 8.0% gluten (dry matter), distilled water,

dehydrated yeast (Fermipan, Lallemand Iberia, Portugal), white crys-

talline saccharose (Sidul, Portugal), sea salt and the emulsifier SSL-

E481-sodium stearoyl-2 lactylate (Puratos, Portugal), according to a

previously optimized formulation [20].

2.2. Cell disruption

The biomass sample (0.88 g/L) was fed into the French press, an

ultrahigh-pressure homogenizer (Stansted SeP CH-10, U.K.), using an

operating pressure of 340 MPa and 1 and 4 passages. The temperature

was maintained at a value less than 35 °C using an internal cooling unit

to minimize compound deterioration.

The flow cytometry analysis of suspensions of C. vulgaris, which are

chlorophyll-rich cells, was performed using a CyFlow Space (Sysmex-

Partec, Germany) flow cytometer with the True Volumetric Absolute

Counting capability and equipped with a blue solid-state laser (20 mW

at 488 nm). The equipment also contained four optical filters and de-

tectors: 536/40 nm (FL1 green fluorescence), 575 nm (FL2 orange

fluorescence), 610/30 nm (FL3 red fluorescence) and 675 nm (FL4 far

red fluorescence).

One of the great advantages of flow cytometry is the possibility to

perform a simultaneous multiparameter analysis of the physical and/or

chemical properties of single cells. These properties include the cell size

and granularity (intracellular complexity) that are measured by for-

ward scatter (FSC) and side scatter (SSC), respectively. Fluorescence

detection (using various detectors, e.g., FL1 or FL4) allows the assess-

ment of cells, natural autofluorescence and any cell property with

which a fluorescence dye might be associated [22].

Data acquired using flow cytometry are presented as mono-

parameter histograms (frequency distributions), dual parameter histo-

grams and dot plots. While one-parameter histograms present the

number of cells or particles (y-axis) vs the scattering or fluorescence

intensity (x-axis), dual parameter histograms are suitable to establish

correlations between two parameters [23].

During data acquisition, gains were set to a specific and adequate

value that was maintained throughout all analyses. Logarithmic am-

plification was chosen and, as microalgae possess endogenous fluores-

cing pigments (chlorophylls) that are detectable as red auto-

fluorescence, the trigger was set on red fluorescence (FL4) to exclude

any cell debris. The flow rate was adjusted to acquire< 2000 events/s,

and approximately 25,000 microalgal cell events were acquired for

each sample. Microalgal populations were identified from an FSC vs SSC

dot plot and are presented on FL1 vs FL3 and FL4 vs FL3 dot plots.

The software used for data acquisition was Partec FlowMax (version

2.7), while data were analysed using FlowJo software (version 10.0.7,

Tree Star).

A strategy based on double labelling with Syto9 and propidium

iodide (L7012 Molecular Probes, Thermo Fisher Scientific) was used to

detect damaged or permeabilized cell membranes with flow cytometry.

Syto9 is a fluorochrome with a weak affinity for nucleic acids that

diffuses passively through the membranes of most cells and is therefore

used to label (FL1 – green fluorescence) all cells (permeabilized and

non-permeabilized). Propidium iodide, an intercalating agent that
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inserts between nucleic acid bases, only penetrates cells with damaged

membranes, functioning as a marker of non-viable cells (FL3 – red

fluorescence).

For each sample and dye, the test was performed in triplicate.

2.3. Dough and bread preparation

Wheat flour water absorption was determined using the farinograph

test (AACC 54–21.02) in a Brabender instrument (Germany), 61.8% at a

14% moisture basis. A Control without the microalgal biomass was

prepared using 4.0 g of yeast, 1.7 g of salt, 1.0 g of sugar and 0.5 g of

emulsifier per 100 g of wheat flour and 61.8 g of distilled water [20].

The breads with the C. vulgaris biomass were prepared replacing 1.0 g of

flour with C. vulgaris/100 g. Raw and disrupted (340 MPa, 1 passage)

microalgal suspensions (0.88 g/L) were concentrated in a centrifuge at

8000 rpm for 5 min at 5 °C and incorporated in breads as concentrates

(0.88 g of dry cells dispersed in 40 mL of distilled water). The com-

mercial C. vulgaris powder was also used for comparison, and its

moisture content was considered when calculating the amount of water

to be added.

Doughs were prepared using the procedure reported by Graça et al.

[20]. A mixture of the solid ingredients with water was prepared in

duplicate for each formulation using a current procedure for bread

production. First, the yeast was activated with warm water in the

thermo-processor cup (Bimby-Vorwerk, France, 30 s, position 3). Solid

ingredients were added to this mixture, homogenized for 60 s at posi-

tion 6 and subsequently kneaded for 120 s. The dough (30 g) was

placed in cylindrical containers (6 cm diameter × 5 cm height), fol-

lowed by fermentation for 60 min at 37 °C in an electric oven (Arianna

XLT133, Italy). The dough was baked at 160 °C for 20 min. Breads were

analysed after cooling.

2.4. Texture, rheology and colour of dough and breads

Doughs were characterized using empirical rheology methods in a

texturometer (penetration and extensibility tests) and using funda-

mental small amplitude oscillatory stress rheology through frequency

sweeps after fermentation.

After fermentation at 37 °C for 60 min, doughs were characterized

in a texturometer TA.XTplus equipped with a load cell of 5 kg (Stable

MicroSystems, UK) using the Texture Profile Analysis in penetration

mode (cylindrical probe with a 10 mm diameter, 14 mm distance, 5 s of

waiting time and 1 mm·s−1 of crosshead speed). For each sample, the

test was repeated at least four times at 20 ± 1 °C.

For the uniaxial extension tests, the SMS/Kieffer Dough and Gluten

Extensibility Rig for the TA.XTplus was used, as described by Buresová

et al. [24], with some modifications. The dough was moulded into rolls

and placed on the Teflon mould, forming test pieces with a length of

5 cm. The doughs were tested after resting for 10 min (t0) and 60 min

(t60) at 30 °C. The force required to stretch the sample was recorded as

a function of time using a test speed of 1.0 mm·s−1 and distance of

70 mm. The peak force – resistance to extension R (N), distance cor-

responding to this peak – extensibility E (mm), and ratio number R/E

(N·mm−1) are the most important parameters. The test was repeated at

least six times for each sample.

Viscoelastic properties of fermented doughs were assessed in a

controlled stress rheometer (Haake Mars III – Thermo Scientific,

Germany) with a UTC - Peltier system. A serrated parallel-plate sensor

system (PP20) with a 2 mm gap was used. After kneading, the dough

was shaped into small portions, placed in the oven to ferment for

60 min, and then placed in the rheometer sensor and allowed to sta-

bilize for 30 min before testing. Frequency sweeps were conducted at

5 °C to avoid fermentation during the tests, with oscillation frequencies

ranging from 0.00628 to 628 rad/s. A constant shear stress within the

linear viscoelastic region of the material (10 Pa), which was previously

determined by stress sweeps conducted at 6.28 rad/s, was used in all

measurements and the test was repeated at least three times. A thin

layer of paraffin oil was applied to prevent moisture losses.

In the baked bread loaves, a texture profile analysis (cylindrical

probe with a diameter of 10 mm, 8 mm distance, 5 s of waiting time and

1 mm·s−1 of crosshead speed) was also performed to investigate the

impact of cell disruption on the bread structure. A slice with a 20 mm

width was cut from the centre of each bread loaf, removing the top and

bottom. Measurements were repeated at least six times for each bread.

The colour of dough and bread samples was measured using a

Minolta CR-400 (Japan) colorimeter with standard illuminant D65 and

a visual angle of 2°. The results are presented according to the CIELAB

system: L* - lightness (0 to 100), a* - greenness to redness (−60 to 60),

and b* - blueness to yellowness (−60 to 60). The total colour difference

between doughs and breads containing the microalgal biomass and the

Control sample was calculated using the equation

ΔE* = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2. The measurements were re-

plicated at least six times under artificial fluorescent light using a white

standard (L* = 94.61, a* = −0.53, and b* = 3.62).

2.5. Bioactivity of breads

To evaluate the antioxidant activity of breads, Samples were air-

dried at room temperature, crumbled fined into homogeneous powders

using an electric blender, and shaken in 80% methanol at room tem-

perature for 24 h to evaluate the antioxidant activity of breads. After

filtration, the solvent was evaporated in vacuo. Dried extracts were

dissolved in dimethyl sulfoxide to obtain 100 mg/mL stock solutions

and stored at −4 °C until the experiments were conducted.

The scavenging effect of bread extracts was determined using the

DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate) methodology [25]. Ex-

traction solutions with a volume of 10 μL each were added to 100 μL

(90 μmol/L) of the DPPH solution in methanol, and the mixture was

diluted with 190 μL of methanol. In the Control, the extract was sub-

stituted with the same volume of solvent, and in the blank probe, only

methanol (290 μL) and the extract (10 μL) were mixed. After 30 min,

the absorbance was measured at 515 nm. Three replicates were per-

formed for each sample, and the mean values of the antioxidant capa-

city were reported as milligrams of Trolox equivalents per gram of dry

weight (dw) of extract.

The reducing power of the bread extracts was determined using the

ferric ion reducing antioxidant power (FRAP) assay [26] that was

modified for 96-well plates. The FRAP reagent was prepared by mixing

10 mmol/L 2,4,6-tripyridyl-s-triazine with 40 mmol/L HCl, 0.02 mol/L

FeCl3 and acetate buffer, pH 3.6 in a ratio of 1:1:10. The bread extract

or ascorbic acid (10 μL) was added to 290 μL of FRAP reagent and the

absorbance was measured at 593 nm after 6 min. Three replicates were

performed for each sample, and the mean values of reducing power

were reported as milligrams of ascorbic acid equivalents per gram of dw

of extract.

The total phenolic content (TPC) of bread extract was evaluated

using the method reported by Fukumoto & Mazza [27], which was

customized for 96-well microplates. The bread extract or gallic acid

(30 μL) was added to 150 μL of 0.1 mol/L Folin–Ciocalteu reagent and

mixed with 120 μL of sodium carbonate (7.5%) after 10 min. The

mixtures were incubated in the dark at room temperature for 2 h, and

then the absorbance was measured at 760 nm. The TPC was reported as

milligrams of gallic acid equivalents per gram of dw of extract, and

corresponded to the mean value of triplicate tests.

2.6. Statistical analysis

The analysis of variance (one-way ANOVA) of the experimental data

was performed using Origin Pro 8.0 software, followed by Tukey's test.

The significance level was set to 95% (p < .05).
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3. Results and discussion

3.1. Morphological changes in the cells

Microalgal suspensions are complex systems of algal cells and cell

debris dispersed in a continuous water phase with dissolved salts and

biopolymers [12]. The most common skeletal polysaccharide is cellu-

lose, which increases in thickness during maturation [28]. C. vulgaris

cells are spherical structures with sizes ranging from 1 to 3 μm [10].

Flow cytometry was used in combination with fluorescence micro-

scopy to study the effect of the disruption of C. vulgaris cells using high-

pressure homogenization. This method was used by Günerken et al.

[29] to estimate biomass release and the cell disruption yield of

Chlorella sp.

Data from the first acquisition are presented in an FSC vs SSC dot

plot in which the population was properly identified and gated to

eliminate artefacts or false events (Fig. 1A). From this gated population,

2 graphs were obtained: the FSC vs cell count histogram (Fig. 1B) and

SSC vs cell count histogram (Fig. 1C). Cell counts decreased after the

disruption treatment by approximately 33% with 1 passage and 59%

with 4 passages. This decrease in the number of cells was accompanied

by a reduction in the cell size (Fig. 1B), as shown by the variation in the

geometric mean values of FSC (Fig. 2) and complexity (Fig. 1C), al-

though no differences were noticed in these cell parameters after 1 or 4

passages.

The effect of the disruption on the membrane permeabilization was

analysed by labelling cells with Syto9 (green fluorescence – FL1,

Fig. 3A) as a marker of all cells, propidium iodide (red fluorescence –

FL3, Fig. 3B) as a marker of permeabilized cells, and chlorophyll

Fig. 1. Multiparameter analysis of fresh C. vulgaris cells and cells processed using high-pressure homogenization (HPH, 1 or 4 passages). FSC – forward scatter (cell

size) and SSC – side scatter (granularity). (A) Pseudocolour dot plot of FSC vs SSC; scattered signal histograms FSC (B) and SSC (C) vs cell counts are shown,

respectively. For each sample, the test was performed in triplicate.

Fig. 2. FSC (forward scatter) geometric mean and cellular integrity obtained

from the flow cytometry analysis of fresh C. vulgaris cells and cells processed

using high-pressure homogenization (HPH, 1 or 4 passages). For each sample,

the test was performed in triplicate. Error bars indicate the standard deviations

of the triplicate measurements.
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autofluorescence (far red fluorescence – FL4, Fig. 3C) as a marker of

microalgae.

Two dot plots were also obtained from the gated population, FL1 vs

FL3 (Fig. 4A) and FL4 vs FL3 (Fig. 4B), which were used to determine

the level of cellular permeabilization based on a quadrant gating

scheme that best fitted each population. The criterion chosen for the

permeabilization assessment was the membrane integrity, as evidenced

by cells that presented no or low red fluorescence (FL3) with either high

or low green (FL1) or far red fluorescence (FL4). Based on the results,

the larger cells were lysed and that the integrity of approximately 40%

of the smaller cells remaining after disruption was not compromised

(Figs. 2–4).

Some other authors studied the effect of high-pressure homo-

genization on microalgal cell disruption. Samarasinghe et al. [30]

showed a reduction in the N. oculata cell count as the pressure

(69–301 MPa) and number of passes through the homogenizer in-

creased. The structures of five microalgae, including C. vulgaris, were

investigated by Safi et al. [31] in order to evaluate the release of pro-

teins from cells after the application of different cell disruption

methods. The authors concluded that high-pressure homogenization

(270 Pa) was the most efficient method. This method released ap-

proximately half of the protein, showing that more energy input is

necessary to completely disrupt the microalgae macrostructure. Safi

et al. [28] observed the disruption of the majority of C. vulgaris cells at

270 Pa and 2 passes, while some cells remained intact, and chloroplasts

were also partially damaged. These results [28,31] correspond to a

higher degree of disruption than the level observed in our study (a 33%

reduction in the cell number after 1 passage and 59% reduction after 4

passages at 340 Pa). Spiden et al. [6] studied the effects of thermal and

acidic treatments before high-pressure homogenization (84 MPa) on

Chlorella cells to reduce the amount of energy required for disruption.

Recently, Grossmann et al. [32] investigated the preparation of protein-

rich extracts from different microalgae by applying minimal processing

applications; the C. vulgaris cells were disrupted through high-pressure

homogenization (180 MPa) and 9 passes were necessary to disrupt 99%

of the cells.

Flow cytometry was not applied to the commercial Chlorella sample

that was dehydrated by spray-drying during the downstream process.

Fig. 3. Multiparameter analysis of fresh C. vulgaris cells and cells processed using high-pressure homogenization (HPH – 1 or 4 passages) that were labelled with

Syto9 and propidium iodide (PI). Histograms display the A) green fluorescence of Syto9, B) red fluorescence of PI and C) far red autofluorescence of chlorophyll. For

each sample and dye, the test was performed in triplicate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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However, Unterlander et al. [33] showed that lyophilization prior to

lysis using a French press or other methods resulted in substantial in-

creases in the soluble protein concentration and level of active enzymes

from C. vulgaris. A small hole in the cell wall is sufficient to release the

contents of the cells [34].

3.2. Effects on the rheological and colour properties of wheat doughs and

breads

C. vulgaris is composed of proteins and cell wall polysaccharides,

while lipids represent a smaller fraction. Relatively low levels of storage

polysaccharides, such as starch and glycogen, are usually observed. Cell

wall-related polysaccharides comprise different types of polymers, in-

cluding cell wall polysaccharides and extracellular polymers, and po-

tentially explain some of the techno-functional properties of the bio-

mass [5].

In wheat dough, the gluten proteins build a network in which starch

granules and gas bubbles are embedded. During proofing, the yeast

produces CO2, decreasing the consistency of the dough. Both empirical

and fundamental rheology methods allow the estimation of the tech-

nological behaviour of the dough and properties of the bread [35].

By examining the dough texture results, the firmness (Fig. 5A) of the

Control dough was higher (0.36 N) than doughs containing the C. vul-

garis biomass, and significant differences (p < 0.05) were observed

when cell disruption was applied (0.16 N for Cv-Fresh and 0.26 N for

Cv-HPH and Cv-Commercial). Slight differences in the adhesiveness of

the Control formulation containing C. vulgaris were observed, but no

significant differences were obtained after cell disruption. A decrease in

the resistance of a dough to extension (R) after microalgal biomass

incorporation was observed in the extensibility tests, except for Cv-

Commercial, which presented a similar value to the Control at t0 and

t60 (Fig. 5C). Cv-Fresh dough showed a greater extensibility (E) at t0

that was higher than the Control, but no significant differences

(p > .05) were observed between all doughs after fermentation

Fig. 4. Multiparameter analysis of fresh C. vulgaris cells and cells processed using high-pressure homogenization (HPH – 1 or 4 passages) that were labelled with

Syto9 and propidium iodide (PI). Pseudocolour dot plots show the A) green fluorescence of Syto9 (FL1) vs red fluorescence of PI (FL3), and B) far red auto-

fluorescence of chlorophyll (FL4) vs red fluorescence of PI (FL3). For each sample and dye, the test was performed in triplicate. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 5D). The extensibility of the dough is very important due to its

effect on the bread volume [35]. Values of 0.21 N for resistance to

extension and 25.4 mm for extensibility of the Control dough (t0) were

lower than the values of approximately 0.4–0.6 N and 30 mm, re-

spectively, obtained from wheat by other researchers [24,36]. Baking

performance may be measured by assessing dough resistance and the

stretching ratio, which is known as the R/E modulus. The loaves with

fresh and disrupted microalgal cells presented lower R/E values than

the Control, and the Control showed no significant differences

(p > .05) to the Cv-Commercial loaves. Cell disruption exerted an

effect on non-fermented doughs, with 2.82 and 5.94 × 10−3 N/mm for

Cv-Fresh and Cv-HPH, respectively, values that were lower than the

value of 8.24 × 10−3 N/mm for the Control dough. Nevertheless, after

fermentation (t60), the Cv-Fresh and Cv-HPH doughs showed no sig-

nificant differences (p > .05).

Dynamic (oscillatory) tests in the rheometer measure the storage

(G′) and the loss (G″) moduli and their contributions to the viscoelastic

behaviour. Dough is a highly viscoelastic material that rises during

proofing, whereas a dough that is not elastic does not achieve a good

volume [35]. Fermented doughs have a viscoelastic behaviour, with G′

higher than G″, and both values depend on the frequency. A crossover

of G′ and G″ is observed at low frequencies (Fig. 6A). Thus, doughs

exhibit a more viscous behaviour, but at high frequencies, polymers of

the dough, mainly glutenins, generally reacted elastically, indicating

that more bounds are involved in the mechanical response of the dough

[37]. All the materials presented a similar level of structure, showing

the same trends in the values for the loss tangent (tan δ = G″/G′)

(Fig. 6B), but the magnitudes of G′ and G″ decreased with C. vulgaris

incorporation, consistent with the firmness values of the doughs ob-

tained in the texture profile analysis. Based on these results, cell dis-

ruption exerted a limited effect on the dynamic viscoelastic properties

of the dough, with a slight reinforcement of the structure, since the

viscoelastic values of Cv-HPH and Cv-Commercial were higher than Cv-

Fresh.

During baking, dough increases in volume due to thermal gas ex-

pansion, and the gluten network denatures and retains starch granules

that gelatinize during baking. Thus, the dough is converted into bread

exhibiting a sponge-like soft crumb [35]. Crumb firmness (Fig. 7) was

significantly (p < .05) altered by the addition of the fresh microalgal

biomass, with Control (2.38 N) > Cv-Fresh (1.84 N). Following dis-

ruption, the firmness of breads with Cv-HPH and Cv-Commercial cells

was not significantly different (p > .05) from the Control, but both

values were higher than Cv-Fresh, confirming the positive effect of the

microalgae pretreatment on the bread texture.

According to Batista et al. [19], the addition of 2% commercial

microalgae biomass does not affect the texture of a wheat cookie,

whereas an increase in the C. vulgaris content to 6% causes a significant

increase in hardness. The results presented here are also consistent with

Fig. 5. Firmness (A) and adhesiveness (B) values obtained from the texture profile analysis after dough fermentation. Resistance to extension (C) and extensibility (D)

values obtained from the extensibility tests (Kieffer dough rig) before (t0) and after fermentation (t60). Control: dough without microalgae; Cv–Fresh: dough with

intact C. vulgaris cells; Cv–HPH: dough with C. vulgaris biomass processed using high-pressure homogenization; Cv–Commercial: dough with commercial spray-dried

C. vulgaris biomass. Error bars indicate the standard deviations from the repetitions (A and b: n= 4; C and D: n=6). Different letters in the same graph correspond to

significant differences (p < .05).
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previous studies analysing wheat bread that did not show substantial

effects of commercial dried C. vulgaris on firmness at levels of 1% to 5%

[20] and by other microalgae species at 1.5% [38]. Similar conclusions

were obtained from gluten-free bread. The crumb firmness was not

affected by the incorporation of up to 4% of Spirulina cyanobacteria

[39] or 2% brown macroalgae [40].

In addition to cell disruption, an important issue to address when

using microalgae as a food ingredient is the level of technological

processing applied (e.g., temperature, pressure, and pH). In this context,

Bernaerts et al. [12] observed low values of G´ for C. vulgaris suspen-

sions upon high-pressure homogenization at pH 6, but a subsequent

thermal treatment resulted in a substantial increase in G´ that corre-

sponded to the formation of a network structure. Indeed, thermal pro-

cessing might damage cell walls and result in the solubilization of the

components and agglomeration/aggregation of cell debris. As the C.

vulgaris biomass contains a high protein content, this result was as-

cribed to aggregation of the denatured proteins [12] and to the pre-

sence of polysaccharides. Therefore, cell disruption promotes the re-

lease of intracellular products, including proteins and polysaccharides,

and the subsequent baking process imparts structural modifications to

breads. This finding may explain the differences in the texture and

rheology of Cv-Fresh compared to Cv-HPH and Cv-Commercial. Further

studies are necessary to clarify the protein and polysaccharide contents

in the released material, since these components might affect the

structures of the dough and bread.

The results obtained for the dough and bread colour parameters are

presented in Table 1. A reduction in lightness (L*) and an increase in

yellowness (b*) and greenness (a*, in modulus) with the addition of

microalgal biomass were observed. These results are related to the high

chlorophyll content of C. vulgaris. Cell disruption through high-pressure

homogenization did not exert a significant effect (p > .05) on the

bread colour, while Cv-Fresh dough presented higher negative a*

(green hue) than the Cv-HPH dough. The total colour difference ΔE*

between Cv-Fresh and Cv-HPH was equal to 2.8 for the doughs and 0.5

for breads. Some authors consider that a total colour difference below 1

is not detected by the human eye and not appreciated for values ranging

from 1 < ΔE* < 3; thus, ΔE* > 3 is set as the threshold value for

obvious colour differences [41]. Other researchers stated than the

human eye is only able to differentiate colours when the total colour

difference ΔE* > 5 [42]. A large colour difference of 19.0 and 12.5

was observed between doughs and breads in which Cv-Fresh and Cv-

Commercial were incorporated, respectively, due to the effect of the

spray-drying process.

3.3. Effect on bread bioactivity

Microalgae are one of the most economical and interesting sources

of natural molecules with strong antioxidant properties. Green algae

present primary carotenoids that are dispersed within the chloroplasts

and the chlorophylls [21,43]. The green microalgal Chlorella possesses a

Fig. 6. Viscoelastic moduli G′ and G″ (A) and tan δ (B) as a function of frequency obtained after dough fermentation. G′ (storage modulus - filled symbol), G″ (loss

modulus - open symbol). Control: dough without microalgae; Cv–Fresh: dough with intact C. vulgaris cells; Cv–HPH: dough with C. vulgaris biomass processed using

high-pressure homogenization; Cv–Commercial: dough with commercial spray-dried C. vulgaris biomass. For each sample, the test was performed in triplicate, and

the most representative curve for each sample is presented.
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high antioxidant activity due to the high contents of chlorophylls (a and

b) and vitamin E [19,44]. Batista et al. [21] reported a total pigment

content of 1.2% for C. vulgaris, with lutein/zeaxanthin representing the

main carotenoids and both chlorophyll a and b were present.

The antioxidant capacity of microalgal-enriched breads was tested

using the DPPH and FRAP methods (Fig. 8A and B). Compared with the

Control bread (4.28 mg·g−1 Trolox equivalents and 4.49 mg·g−1 as-

corbic acid equivalents), the incorporation of the fresh microalgal

biomass led to an increase in the antioxidant capacity of the breads

(9.65 mg·g−1 Trolox equivalents and 7.77 mg·g−1 ascorbic acid

equivalents). The bread with disrupted Chlorella cells, which were

pretreated with high-pressure homogenization, showed a higher FRAP

antioxidant capacity (11.63 mg·g−1 ascorbic acid equivalents) that

differed from the value obtained using the DPPH method (9.32 mg·g−1

Trolox equivalents), which is similar to the Cv-fresh bread. Even upon

baking, the antioxidant activity of these breads is interesting. A greater

loss of microalgae antioxidants (2.57 mg·g−1 Trolox equivalents and

5.9 mg.g−1 ascorbic acid equivalents) was observed in the bread with

the commercial spray-dried C. vulgaris biomass. This loss is potentially

related to the industrial downstream operations, including thermal

treatments, namely, pasteurization and spray-drying.

In fact, an important issue to address when using microalgae as a

food ingredient is the level of technological processing applied. The

effect of baking on the antioxidant activity of cookies enriched with

different types of microalgae was studied by Batista et al. [19]. Values

of 7.0 to 9.5 mmol of Trolox equivalent antioxidant capacity per kg

were obtained in cookies with 2% alga. Zouari et al. [45] and Rodríguez

et al. [46] studied the effect of enrichment with Arthrospira platensis on

the free radical scavenging activity, and although pasta processing and

cooking exerted some effects, the addition of the cyanobacteria in-

creased the antioxidant activity of pasta products. Research on bread

products with microalgae is scarce; the only study focused on the an-

tioxidant activity of bread supplemented with algae was published by

Rózylo et al. [40]. The authors determined the effect of brown mac-

roalgae on gluten-free bread and observed increased antioxidant ac-

tivity. A recent study by Shen et al. [47] examining the Maillard Re-

action manipulation to maximize the antioxidant potential of white

bread products might explain the values obtained for the Control bread.

These authors reported that breads containing sucrose or fructose, such

as our bread, had good antioxidant capacities.

Phenolic compounds, including simple phenols, flavonoids, phe-

nylpropanoids, tannins, lignins and phenolic acids, are regarded as

some of the most important classes of natural compounds with many

Fig. 7. Values of firmness obtained from texture profile analysis of breads.

Control: bread without microalgae; Cv–Fresh: bread with intact C. vulgaris cells;

Cv–HPH: bread with C. vulgaris biomass processed using high-pressure homo-

genization; Cv–Commercial: bread with commercial spray-dried C. vulgaris

biomass. Error bars indicate the standard deviations of the repetitions (n = 6).

Different letters correspond to significant differences (p < .05).

Table 1

CIELAB colour parameters of doughs and breads. Control: bread without mi-

croalgae; Cv–Fresh: bread with intact C. vulgaris cells; Cv–HPH: bread with C.

vulgaris biomass processed using high-pressure homogenization;

Cv–Commercial: bread with commercial spray-dried C. vulgaris biomass. Error

bars indicate the standard deviations of the repetitions (n = 6). Different letters

in the same column correspond to significant differences (p < .05).

Dough Colour Crumb colour

L* a* b* L* a* b*

Control 79.68 a 0.82 a 20.16 a 66.58 a
−0.39 a 14.40 a

Cv-Fresh 53.77 b
−14.79 b 29.20 b 49.24 b

−3.35 b 23.77 b

Cv-HPH 55.98 c
−13.97 c 27.66 c 48.85 b

−3.43 b 23.42 b

Cv-Commercial 67.55 d
−6.13 d 19.39 a 60.94 c

−2.90 c 19.44 c

Fig. 8. A) Antioxidant capacity measured using the DPPH (2,2-diphenyl-1-pi-

cryl-hydrazyl-hydrate; mg·g−1 Trolox equivalents) assay and B) FRAP assay

(ferric ion reducing antioxidant power; mg·g−1 ascorbic acid (AA) equivalents)

and C) total phenolic content (mg·g−1 gallic acid (GA) equivalents) of breads

enriched with 1.0 g of C. vulgaris/100 g of flour+Cv and Control breads. dw –

dry weight. Control: bread without microalgae; Cv–Fresh: bread with intact C.

vulgaris cells; Cv–HPH: bread with a C. vulgaris biomass processed using high-

pressure homogenization; Cv–Commercial: bread with a commercial spray-

dried C. vulgaris biomass. Error bars indicate the standard deviations of the

repetitions (n = 3). Different letters in the same graph correspond to significant

differences (p < .05).
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health benefits, including antioxidant potential [19,48]. The addition of

the microalgal biomass (1.0 g of C. vulgaris/100 g of flour+Cv) resulted

in an increase in the total phenolic content (TPC) (Fig. 8C), which was

0.18 mg·g−1 gallic acid equivalents in the Control bread and

0.44 mg·g−1 in the bread containing fresh C. vulgaris. As expected, the

bread prepared with the commercial C. vulgaris powder presented a

lower TPC that was similar to the Control (0.27 mg·g−1 gallic acid

equivalents). However, cell disruption did not increase the TPC of Cv-

HPH bread (0.34 mg·g−1 gallic acid equivalents). TPC values were

lower than the values reported by Rózylo et al. [40] for gluten-free

bread containing brown algae. Based on these findings, we concluded

that phenolic compounds that were released from the disrupted cells

did not exert a significant effect on the antioxidant potential of the

tested breads, since some other biocompounds made substantial con-

tributions to this biological activity.

4. Conclusions

Based on the findings of the present study, C. vulgaris can be used as

an innovative ingredient to enhance the nutritional properties and

technological behaviour of bread, and cell disruption can be applied to

improve its potential. Differences between breads produced with raw

and disrupted microalgal cells were observed. The thermal processing

of breads during baking after a pretreatment of microalgal suspensions

using high-pressure homogenization should enhance interactions

within the released cell material. Disruption affected the rheological

properties of the doughs and breads (C. vulgaris 1% w/w) by reinforcing

the structure. The antioxidant capacity (ferric ion reducing antioxidant

power) of breads containing the pretreated biomass was higher than

breads containing intact cells.
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