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1  Introduction
Microalgae are photosynthetic single or multi-cellular 
organisms rich in vitamins, lipids and carbohydrates; 
their nutrient content can vary depending on cultivation 
conditions. Moreover, microalgae can synthesize 
all existing amino acids and a great amount of 
polysaccharides that can strengthen the human immune 
system and act as anti-virals (Becker 2007). Accordingly, 
microalgae can be used as food supplements in the food 
industry, as naturally derived replacers for proteins, lipids 
and carbohydrates, and also as a natural colourant due 
to their rich carotenoid, chlorophyll and phycocyanin 
content (Becker 2007; Kovač et al. 2013).

Chlorella vulgaris is a strain of microalgae, and 48% 
of its biomass consists of proteins. Lipids in C. vulgaris 
constitute 16% of the biomass, while the percentage of 
carbohydrates, and minerals is 10%, and 6%, respectively 
(Figure 1).

Figure 1: Composition of Chlorella vulgaris (Tokuşoglu and Ünal 
2003)
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Abstract: Animal fat and proteins, such as milk butter 
and eggs, are the main ingredients of baked products, and 
are frequently blamed for food allergies, obesity, cancer 
and type II diabetes. Therefore, there is an urgent need 
to replace these ingredients with healthier ones without 
degrading the organoleptic characteristics of the final 
product. Microalgae are a great source of protein, minerals 
and lipids such as omega-3 and omega-6 fatty acids, which 
are beneficial for human health, offering multiple health 
benefits such as antioxidant and anti-aging activity. In 
this study, Chlorella vulgaris microalgae were the selected 
raw material for the innovative replacers because of their 
high content in proteins and polyunsaturated fatty acids.  
The obtained microalgal oil was colour corrected and 
used to produce brioche-type baked products with 100%  
animal fat substitution. For protein recovery, the aquatic 
extract was freeze-dried, producing a dry protein powder 
that fully substituted the animal protein in the baked 
products. Finally, the development of bakery products 
with 100% replacement of both animal fat and protein was 
achieved. These innovative bakery products showed equal 
performance to the commercial ones, and even improved 
organoleptic characteristics according to the sensorial 
analysis that occurred. 
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Chlorella vulgaris is a beneficial microalgal strain with high 
value nutrient content, which consists of both saturated 
fatty acids (SFA) and healthy unsaturated fatty acids, 
which have either one double carbon bond, and are called 
mono-unsaturated fatty acids (MUFA), or contain more 
than one double carbon bond in their molecule and are 
called poly-unsaturated fatty acids (PUFA). The highest 
percentage of fat in C. vulgaris are polyunsaturated fatty 
acids (PUFA), such as omega-3 (N-3) and omega-6 (N-6) 
fatty acids (Tokuşoglu and Ünal 2003). These unsaturated 
fatty acids, such as eicosapentaenoic acid (EPA) and 
docosahexaenoic (DHA), have a proven beneficial effect 
on human health (Mickleborough 2013; Da Boit et al. 
2017). Table 1 summarizes the lipid fractionation of C. 
vulgaris, showing the proportion of every lipid category 
as part of total lipid content. Because of its content of 
bioactive compounds, C. vulgaris acts as an anti-aging and 
antioxidant agent and strengthens the human immune 
system (Panahi et al. 2013).

Table 1: Lipid fractionation of Chlorella vulgaris (Tokuşoglu and Ünal 
2003)

Lipid % total lipids

SFA 23%
MUFA 37%
PUFA 40%
N-3 30%
N-6 10%
N-9 40%
Others 20%

Due to its high content of, and quality in, protein 
and lipids, C. vulgaris is a great source for extraction. 
Ultrasound-assisted extraction is applied for optimum 
yield, as the addition of ultrasonic pre-treatment assists 
cell disruption and facilitates the penetration of solvents 
into the cell (Safi et al. 2014; Chemat et al. 2017). The choice 
of solvents is based on the basic chemistry concept of 
“like dissolving like”. Proteins are extracted using water, 
while lipids are extracted using organic solvents and, 
more specifically, a combination of non - polar and polar 
solvents. When non-polar organic solvents penetrate a 
cell disrupted by ultrasonic pre-treatment, they interact 
with neutral lipids with Van der Waals forces, creating 
solvent-lipid complexes, which, driven by a concentration 
gradient, defuse into the bulk organic solvent. As a result, 
neutral lipids are extracted from the cell. However, some 
neutral lipids formulate complexes with polar lipids 
which are linked with proteins in the cell. In those cases, 
the organic polar solvents create hydrogen bonds with the 
polar lipids, displacing the lipid-protein associations and 

developing new solvent-lipid formulations that defuse out 
of the cell (Halim et al. 2012).

The proteins and lipids extracted from C. vulgaris have 
many applications in cosmetics, in the pharmaceutical or 
the food industry, however, one of the most promising 
and interesting research fields is baked products. Baked 
products such as bread, biscuits or pastries are high 
on the list of people’s nutritional preferences and are 
consumed daily, regardless of age, gender or nationality of 
consumers. In 2011, the total European bakery market rose 
to 40.1 million tons of product and 126.4 billion Euros of 
profit. In 2015, the total consumption of bakery products 
in Europe fluctuated at similar levels, and according to 
available data from the Statistica database (https://www.
statista.com/), an annual growth rate of 4% is expected 
in the period from 2017–2021, meaning the bakery market 
is estimated to reach  219.1 billion Euros by 2021. Bread 
and bread doughs make up the largest part of the bakery 
market in all European countries, holding more than 
50% of the bakery industry. In particular, the European 
consumption of bread was estimated at around 32 million 
tons in 2011, comprising 82% of the bakery market. The 
average bread consumption ranges up to 50 kilos per 
person per year, with only marginal changes over the last 
decades according to Gira (http://www.girafood.com/
wp-content/uploads/2013/03/Gira-EU-Bakery-Panorama-
Mini-Market-Report).

The main ingredients of bakery products are milk 
butter, eggs and saturated fatty acids, which harm 
or burden human health, as they are blamed for 
cardiovascular diseases like atherosclerosis, obesity and 
food allergies (Hariri and Thibault 2010; Hooper et al. 
2016). For this reason, consumption of these products is 
forbidden to people with high levels of cholesterol in their 
blood, or those suffering from diabetes type II (Yamauchi et 
al. 2001). Furthermore, these ingredients are inseparably 
connected with pregnancy complications (Tajima et al. 
2012) and heart attacks (Crawford 1985). The consumer-
driven need for beneficial and healthier products has led 
to the development of innovative replacers of animal fat 
and proteins, in order to substitute eggs, milk butter and 
saturated oils.

So far, to overcome the negative impact on human 
health, there are products with reduced fat and 
calories. However, these products show poor sensorial 
characteristics and lack of taste or flavour (Lucca and 
Tepper 1994). Frequently, for the improvement of taste or 
mouthfeel, sweeteners are added which are accused of 
deregulating metabolism and hormonal excretion (Page 
et al. 2013; Stanhope et al. 2013; Pepino 2015). Moreover, 
existing low fat and low calories products intensify 
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diseases such as diabetes type II and obesity, and provoke 
problems in brain cell development, with studies accusing 
them of high cellular apoptosis (Shankar et al. 2013; Suez 
et al. 2014;Villareal et al. 2016). Moreover, consumers 
and producers are seeking for natural and less processed 
food products. Therefore, the development of natural and 
healthy food ingredients is urgent, even more so if these 
ingredients could efficiently replace harmful substances, 
such as sweeteners, saturated fats and chemical additives.

The above mentioned facts support the conclusion 
that the development of innovative replacers to substitute 
potentially harmful ingredients, such as milk butter and 
eggs, is of great importance. So far, microalgae have been 
used as food supplements in the food industry, but there 
is not much research information, or protocols, for the 
extraction of lipids and proteins from microalgae to be 
used as main compounds and ingredient replacers in the 
food sector.

This study explored the development of animal fat 
and protein replacers derived from C. vulgaris, with the 
objective to exploit to the fullest their beneficial effects on 
human health. The fatty acids and proteins extracted from 
C. vulgaris can fully replace the target ingredients, and 
develop products with identical sensorial characteristics 
and improve quality and health impacts. Only food grade 
solvents with no environmental effect were used for 
the extraction of fatty acids and proteins, based on EU 
legislation (2009/32/EC) and the ability of food industries 
to use them in all processing steps.

For lipid extraction, a mixture of organic non – polar 
and polar solvents, and especially  hexane: isopropanol, 
was used to achieve optimum recovery (Halim et al. 
2012). For protein extraction, the residual biomass of 
lipid extraction was treated with deionized water and 
ammonium sulphate to isolate proteins. The supernatant 
was freeze-dried to develop a dry powder of proteins 
without contaminants. Both lipid and protein extracts were 
used for the development of brioche-type baked products 
with full substitution of eggs and milk butter, and sensory 
evaluation of these functional products was conducted 
by a panel of twenty judges. During the development 
of innovative brioche-type products, subsamples of 
substitution percentages of animal fat and proteins were 
tested in order to achieve optimum replacement levels 
according to organoleptic characteristics, however, full 
(100%) substitution of animal fat and protein was most 
successful.  

2  Materials and methods
The experiment was started in September of 2016 
and finished in July 2017 at the School of Chemical 
Engineering, National Technical University of Athens, 
Greece. Dry biomass of C. vulgaris for commercial use 
(produced by MegaFoods) was used in the form of a 
fine powder. Solvents purchased from Sigma-Aldrich 
included acetone (90%), acetone (80%), methanol (90%), 
ethanol (95%), phosphoric acid solution (85% w/v), 
hexane (95%), isopropanol (analytical grade), sodium 
carbonate solution (1N) and sulfuric acid (analytical 
grade). Furthermore, HgI2, KI, potassium sodium tartrate 
tetrahydrate (KNaC4H4O6.4H2O), Coomasie Brilliant Blue 
G-250 and anhydrous ammonium chloride (>95%) were 
purchased from Sigma Aldrich. Moreover, anhydrous 
sodium hydroxide and ammonium sulphate (analytical 
grade) were procured from Merck. Pure charcoal 
powder was purchased from Aromatherapy company. 
Folin-Ciocalteu’s phenol reagent was from Merck, and 
bovine serum albumin (BSA) for the construction of the 
standard curve was purchased from PANBiotech. Finally, 
phosphoric acid 85% (w/v) from Chem-Lab NV was used. 
For the production of bakery products, the following 
materials were purchased from the local market: flour, 
yeast, salt, palm oil, milk butter (82%), sugar, brioche 
enhancer, pasteurized fresh egg, propionic acid and 
vanilla flavour.

The methodology that was followed in the framework 
of this paper is represented in Figure 2. More specifically, 
the C. vulgaris used was first characterized for carotenoid, 
chlorophyll and phenolic content, as well as the amount 
of lipid and protein contained. However, the protocols for 
the extraction and characterization of C. vulgaris include 
solvents and salts forbidden by food legislation to be 
used for food applications, making the investigation of 
alternative methods imperative. Thus, protocols compliant 
with food legislation were developed for the extraction 
of lipids and proteins from C. vulgaris. The recovered 
liquid extracts were appropriately treated (solvent 
evaporation and decolourisation for lipid extracts, freeze 
drying for protein extracts) for the development of the 
innovative replacers for brioche-type products, and 
different protocols were followed to assess the yield of the 
extraction procedure. All measurements and experiments 
were made in triplicates in order to statistically evaluate 
the results. Finally, the innovative brioche-type products 
were developed with complete substitution of eggs and 
milk butter with lipids and proteins extracted from C. 
vulgaris.
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Figure 2: Shematic description of the methodology

Characterization of raw material. The Jeffrey protocol 
was used for the determination of total carotenoids and 
chlorophyll (Jeffrey et al. 1997). Consequently, 50 mg of 
dry Chlorella biomass were dissolved in 5 ml acetone 90%. 
The solution was vortexed and left in a freezer for 24 hr at 
−18°C. The solution was then vortexed until it reached room 
temperature. Finally, the solution was centrifuged for 10 
min in 3000 rpm. The supernatant measured at 480, 510, 
630, 647 and 664, with spectrophotometer A Bel Photonics 
uv-m51 (Piracicaba, Brasil). For blank samples, acetone 
90% was used. For the determination of chlorophyll, the 
following calculations were used according to the pre-
mentioned protocol (Jeffrey et al. 1997) : 

Ca (μg⁄(L) = 11.85 (A664) ‒ 1.54 (A647) ‒ 0.08 (A630) (1),
Cb (μg⁄(L) = 21.03 (A647) ‒ 5.43 (A664) ‒ 2.66 (A630) (2),
Cc (μg⁄(L) = 24.52 (A630) ‒ 1.67 (A664) ‒ 7.60 (A647) (3).

Subsequently, the following equation was used for the 
calculation of total carotenoid (Cp) content (Ben-Amotz 
and Avron, 1983; Jeffrey et al., 1997). 

Cp (μg⁄(L) = 7.60 (A480) ‒ 1.49 (A510) (4).

For the evaluation of total phenolic content of the raw 
material, the Folin-Ciocalteu protocol was used. Chlorella 
was extracted twice, first with acetone 80% and then 
with methanol. Subsequently, 0.1 ml of the extract were 
vortexed and homogenized with 7.9 ml deionized water, 
and 0.5 ml of Folin reagent was added to the resulting 
solution and homogenized in a vortex,. After that, 1.5 ml 
NaCO3 was added and the solution was left in a water bath 
at 40°C for 30 minutes. The extract was finally measured 
at 765 nm and deionized water was used as blank sample 
(Ainsworth and Gillespie 2007).

Lipid extraction. For the estimation of the lipid content 
of the C. vulgaris used, the Bligh-Dyer method was applied. 
One gram of the sample was mixed with 76 ml methanol: 
chloroform: water solution (2:1:0.8 v/v) and vortexed for 
1 hr. The addition of 30 ml deionized water and 30 ml of 
chloroform followed, and the solution was vortexed again 
for 1 min. Finally, the system was centrifuged for 5 min at 
2550 rpm and the lower chloroform phase was recovered as 
it was reached in lipids. The extraction procedure applied 
for the recovery of lipids and the development of bakery 
products was different as chloroform is not permitted 
to be used in food processing by EU legislation. More 
specifically, 1 g sample of dry algae powder was dissolved 
with 50 ml of the solvent system hexane: isopropanol (2:3). 
Ultrasonic frequencies were applied to the mixture for 10 
minutes under the following conditions: T=45°C, P=400 
Watt, F=25 kHz. After the application of ultrasound, the 
mixture was left in a magnetic stirrer for 24 hr. The liquid-
solid separation was made possible with centrifugation at 
2550 rpm for 10 min, and the supernatant was collected. 
In both the lipid estimation of C. vulgaris and the lipid 
extraction procedure, a rotary evaporator was used to 
separate lipids from the solvent, adjusting pressure to 125 
mbar and temperature to 45°C. Lipids were measured by 
gravimetric analysis.

Decolourisation of oil. Active carbon was added at 
2% w/w to lipid fraction for the decolourisation of the 
oil. The mixture was transferred to the rota vapour (Buchi 
Rotavapor R-200). Bleaching temperature was set to 100°C 
and vacuum pressure to 93.3 kPa. The mixture was stirred 
for 20 minutes and the algal oil was separated from the 
bleaching agent by filtration (List 2009).

Protein extraction. The residual biomass of the lipid 
extraction was used for protein extraction. One gram of 
dry, defatted Chlorella was mixed with 18 ml of deionized 
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water. The pH was adjusted to 11 with the addition of 
5% water solution of NaOH. The mixture was stirred in a 
magnetic stirrer for 30 min and then was centrifuged at 
2550 rpm for 10 min. The supernatant was gently stirred for 
3 hr, while ammonium sulphate (74g100 ml-1) was added. 
The mixture was left in the refrigerator for 8 hr and the 
supernatant was separated by centrifugation at 2550 rpm 
for 10 min. Additional purification of protein was made 
possible by filtration. The protein extraction protocol was 
developed by following a number of methods (Barbarino 
and Lourenço 2005; Song et al. 2006; Wu and Muir 2008; 
Safi et al. 2014).

Lyophilization. The liquid protein extract of C. vulgaris 
was left at −30°C for 48 hr to freeze all water content. Then 
the solid was freeze-dried using Freeze Drying Plant GT2 
from Leybold - Heraeus for 48 hr.

Kjeldahl method. The Kjeldahl method was applied 
to determine protein content in the solid samples (dried 
biomass and dried protein extract). This method requires 
the production of Nessler solution and Rochelle reagent 
as follows. For the preparation of 200 ml Nessler solution, 
32 g NaOH were added to 100 ml of deionized water and 
the mixture was vortexed and homogenized. At the same 
time, 20 g HgI2 were mixed with 14 g KI and a minimum 
amount of water. Finally, the mixture was poured into the 
NaOH solution while stirring. Rochelle reagent was made 
by dissolving 50 g potassium sodium tartrate tetrahydrate 
(KNaC4H4O6.4H2O) in 100 ml deionized water, followed 
by evaporation of the solution to a final volume of 70 
ml. After the solution reached room temperature, it was 
diluted with deionized water to a final volume of 100 ml.

Then, 0.1 g of dried samples was digested with 4 ml 
of concentrated sulfuric acid and at least two catalysts. 
The temperature was adjusted to 440°C under vacuum. 
The sample was digested for four minutes, and then 10 ml 
of 40% w/v sodium hydroxide solution were added. The 
mixture was left for one minute to distil. Subsequently, 

the mixture was left to reach room temperature and was 
diluted with deionized water to a final volume of 100 ml. 

For the photometric process, 10 ml of the samples were 
titrated with a NaOH solution (3N), until the pH reached 
8. The adding of a drop of Rochelle reagent and 0.2 ml of 
Nessler solution followed, and the mixture was measured 
at 420 nm with UV-Vis spectrophotometer Bel Photonics 
uv-m51 (Piracicaba, Brasil). The blank sample consisted 
of 10 ml deionized water and its absorption was less than 
zero. The standard curve was constructed by diluting 10 ml 
of stock solution until a final volume of 1 L was reached. 
From this solution, the standard solutions were prepared 
with appropriate dilutions. Specific standard solutions 
of 1, 2, 3, 4 and 5 ppm nitrogen were used to make the 
standard curve, and the extracted equation was y = 0.131x 
+ 0.0793, where y is the absorbance of the sample at 420 
nm, and x – the nitrogen content of the sample (Kjeldahl 
1883). 

Bradford method. The Bradford method was applied 
to determine the protein content in aquatic protein 
extracts. The preparation of the Bradford reagent requires 
the dissolving of 100 mg Coomasie Brilliant Blue G-250 in 
50 ml 95% ethanol and the adding of 100 ml 85% (w/v) 
phosphoric acid. The final solution was diluted in 1 L 
deionized water. Stock solution was prepared by diluting 
3.819 g of anhydrous ammonium chloride (>95%) in 1 L 
deionized water.

Subsequently, 0.1 ml of each unknown aquatic 
protein extract was diluted with 3.0 ml of Bradford 
reagent, vortexed and incubated at room temperature for 
15 min. Finally, the samples were measured with a UV-Vis 
spectrophotometer as Brilliant Blue G was combined with 
proteins in the solution and formed complexes, resulting 
in the absorption of the dye at 595 nm. Table 2 shows the 
samples that were used for the preparation of the standard 
curve. The protein standard solution was aquatic and had 
a concentration of 2 mg/ml (Bradford 1976). 

Table 2: Standard dilutions for preparation of a calibration curve

Final concentration 
mgml-1

Volume of a 2 mgml-1 standard 
μl

Volume of deionized water 
μl

0 (blank) 0 100

0.2 10 90

0.4 20 80

0.6 30 70

0.8 40 60

1.0 50 50

1.5 75 25
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The extracted equation was y = 0.9545x + 0.0195, where 
y is the absorbance at 595 nm, and x – the concentration 
of the unknown sample. Figure 3 depicts the constructed 
calibration curve.

Figure 3: The standard curve for Bradford method

Development of bakery products. The production of 
brioche-type bakery products followed a typical brioche 
recipe including ingredients such as flour, yeast, salt, 
palm oil, milk butter, sugar, pasteurized fresh eggs and 
vanilla flavour. More specifically, the amount of each 
ingredient used is summarized in Table 3.

Table 3: Recipe of a typical brioche dough

Ingredient Amount (g)

Wheat flour 600
Water 250
Yeast 8
Salt 12
Palm oil 60
Milk butter 60
Sugar 84
Fresh eggs 90
Vanilla flavour 2

All ingredients were mixed and homogenized in a mixer 
and the dough was left to rest and inflate in the oven for 
2hr at 45°C. After this stage, baking at 200°C lasted for 
10 min. The first attempts were carried out to substitute 
animal fat only, namely milk butter. Separately, the 
replacement of eggs with Chlorella-derived protein 
powder was investigated, and in the final stage Chlorella 
extracts were used to replace both eggs and milk butter in 
the making of a brioche product.

Organoleptic control. Sensory evaluation was 
conducted by a panel of 20 judges after they had been 
thoroughly informed about the procedure, followed 
by a short seminar about the sensorial analysis tests’ 
methodology. The hedonic test is an overall acceptance test 

that uses a scale to evaluate different treatments in terms 
of “dislikes extremely” to “likes extremely” with scores 
ranging from 1 to 9. The same ranking was applied in order 
to quantify the quality characteristics, with 1 indicating 
the characterization as extremely low, 5 as neutral and 9 
as extremely high. Appearance (colour, porosity, presence 
of lumps, flakes or hard granules, homogeneity), flavour, 
mouthfeel and the sense of freshness were evaluated, 
and results were described by the average score for each 
criterium provided by the sensory panel members. The 
sensory score of 5/9 was taken as the average score for 
minimum acceptability. Both types of products, those 
produced with the innovative replacers and those including 
animal fat and proteins, were assessed by the judges taking 
into account the criteria described in Table 4.

Table 4: Characteristic of the sensory evaluation

Sensory criteria Sensory characteristic

Appearance

Colour acceptance

Porosity

Presence of lumps, flakes or hard granules

Homogeneity

Taste

Flavour

Mouth feel

Rich

Salty

Sour

Bitter

Sweet

Buttery

Lacks freshness

Malty

Rancid
Burnt

Ethical approval: The conducted research is not related 
to either human or animal use.

3  Results and discussion
Characterization of raw material. Table 5 summarizes total 
carotenoid content, β-carotene composition and total 
phenolic and chlorophyll content of the C. vulgaris used.

Carotenoids constituted 2.7% of the dry biomass of 
Chlorella. Of this, approximately 50% was β-carotene, 
representing 1% of the dry biomass of C. vulgaris. 
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Furthermore, chlorophyll and phenolic content were 
calculated to be 1.1% and 5%, respectively. The exact 
results of measurements and their standard deviations 
are reported in Table 5. These measurements are 
encouraging and prove the health benefits associated 
with the consumption of Chlorella. Chlorophyll, phenols 
and carotenoids are potent antioxidants preventing the 
destructive action of free radicals protecting human 
cells and their integrity (Kasperczyk et al. 2014). More 
specifically, these substances protect the cells from free 
oxygen that causes damage to cell genes and oxidizes fatty 
acids, converting them into toxic molecules (Panahi et al. 
2013). In addition, β-carotene has anti-aging properties 
as it can be converted into vitamin A in the human body 
and supports their production (Álvarez et al. 2014). 
Furthermore, β-carotene has an anti-cancer effect and 
especially protects from lung, breast and stomach cancer. 
Finally, carotenoids prevent strokes and cardiovascular 
diseases (Kasperczyk et al. 2014) . 

Lipid extraction. The use of hexane: isopropanol 
for lipid extraction was successful, as indicated by 
the measurements using gravimetric analysis. More 
specifically, as shown by other studies, C. vulgaris consists 
of approximately 16% lipids on a dry basis (Tokuşoglu and 
Ünal 2003), which is confirmed also by the Bligh- Dyer 
method that proved that the lipid content of the sample 
of C. vulgaris used was 15+ 1.33%. In order to calculate 
a standard deviation, measurements were made in 
triplicate. The results of  lipid extraction, using the Bligh- 
Dyer method and the hexane: isopropanol solvent system, 
compared to existing studies are summarized in Figure 
4. The extraction of lipids using the hexane: isopropanol 
solvent system was successful, as the lipids recovered made 
up 13 + 1.30% of dry biomass, representing approximately 
87% of the total lipid content. In accordance with 
legislation (2009/32/EC), both hexane and isopropanol 
can contact raw materials and can be used in all stages of 
food production, in contrary to chloroform, which is the 
main solvent used in the Bligh-Dyer method, but which is 
forbidden for any food process and human consumption. 

For this reason, despite the fact that is a highly efficient 
method, the Bligh-Dyer method cannot be applied in the 
food industry, and hexane: isopropanol was considered 
to be the most appropriate. Moreover, the solvent system 
of hexane: isopropanol is an environmentally friendly 
solution for lipid extraction, as mild extraction conditions 
were required. These extraction conditions not only 
eliminate the environmental footprint, but also the cost of 
the procedure, because the cost of operating instruments 
was minimized. Furthermore, hexane and isopropanol 
are easily accessible in the market and are commonly 
used solvents, which reduces purchasing costs. Finally, 
both hexane and isopropanol are volatile solvents, which 
can be easily removed from the extract and there is an 
opportunity to recover and reuse them through rotary 
evaporation.

Figure 4: Lipid content of Chlorella vulgaris according to the extrac-
tion method (Tokuşoglu and Ünal 2003)

Decolourisation of oil. The decolourisation of lipid 
extract, using active carbon, was deemed successful if the 
colour of the final product closely resembled the colour 
of commercially available edible oils. Specifically, the 
colour of the bleached algal oil was similar to the colour 
of sunflower oil, while the initial colour of the oil was dark 
green. Despite the colour, the bleaching process enhanced 
the flavour of the oil, as chlorophyll decomposed to the 
pigment pheophytin, which is the main reason for the 
off-flavour of oils and their early oxidation (List 2009). 
The success of the bleaching process was based on the 
continuous stirring under a vacuum, which helped the 
sorbent to bind pigments, especially the chlorophylls 
which were trapped in intra-granular pores according to 
the adsorption phenomenon (List 2009). Figure 5 depicts 
the colour difference between the extracted lipids before 
and after the decolourisation process.

Protein extraction. The Bradford and Kjeldahl 
methods were used to estimate the protein amount of 
extracted samples. More specifically, the Bradford method 

Table 5: Content of Chlorella vulgaris in carotenoids, chlorophyll and 
phenols on a dry basis (db)

Substance % Content on db

Total carotenoid content 2.7+ 1%
B-carotene 1.02+ 0.4%
Total chlorophyll 1.1+ 0.05%
Chlorophyll A 0.63+ 0.1%
Chlorophyll B 0.35+ 0.07%
Chlorophyll C 0.12+ 0.01%
Total phenolic content 4.67+ 0.03%
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was applied to liquid extracts for the evaluation of protein 
content, while the Kjeldahl method was used for dry 
extracts after the process of lyophilization to estimate 
the amount of nitrogen in samples. The protein content 
of samples was determined after the multiplication 
of nitrogen content by a factor of 6.25, according to 
a described method (Safi et al. 2014). Both methods 
indicated that extracted proteins made up approximately 
8.5% of the dry biomass (db) of C. vulgaris, which means 
that total extraction of proteins was not achieved and 
more specifically, that 18% of total protein content were 
extracted, consistent with other studies (Tokuşoglu 
and Ünal 2003). All experiments for both methods were 
carried out three times in order to statistically evaluate the 
results, which are summarized in Table 6.

A higher percentage of protein recovery was not 
feasible due to the gentle extraction methods used and 
solvents that were applied in order to be compatible with 
EU legislation for food industries and food processing. 
This percentage is also in agreement with other studies, 
which claim that the highest concentration of soluble 
protein from total protein is 18% (Safi et al. 2014). After 
the lyophilization process, Kjeldahl measurements of 
dry protein extracts showed that the protein-rich dried 
extract obtained in powder form was free from any 
impurities and consisted exclusively of proteins. More 
specifically, the Kjeldahl method showed the existence of 
98+ 0.2% proteins in the dried extract. The selectivity of 
this extracting method is based mainly on the mechanism 
of salting-out. Specifically, when salt was added to the 
solution, the surface tension of the water increased. As a 
result, the hydrophobic interaction between proteins and 
water increased, forcing proteins to fold to minimize the 
surface that came in contact with water. Thus, proteins 
were isolated from water and other dissolved substitutes, 
and protein separation was achieved by centrifugation 
and filtration (Duong-Ly and Gabelli 2014).

Development of bakery products. The full substitution 
of animal fat and protein was successful as shown by the 
results of the sensorial evaluation. Figure 6 shows the 
comparison between the two recipes in characteristics 
relating to taste, while Figure 7 depicts the comparison 
between the two products in relation to characteristics of 

Figure 5: Colour of the lipids (a) after (b) before bleaching procedure

Figure 6: The results of the hedonic test about the taste

Figure 7: The results of the hedonic test about the appearance

Table 6 : Percentage of extracted protein

Protein content of extracts % of total protein % protein content of 
Chlorella vulgaris on db

Total Chlorella’s vulgaris protein 100% 48% (Tokuşoglu and Ünal 2003)

Aqueous Chlorella’s vulgaris extract 11+0.5% 17.5+0.3% 8.4 + 0.1%

Dried Chlorella’s vulgaris extract 98+ 0.2% 17.3+0.1% 8.3 + 0.2%
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and a sense of freshness that lasted longer (Nandithaand 
Prabhasankar 2009). Moreover, the existence of butter in 
the conventional recipe downgraded taste quality by five 
days after production and gave a rancidity to the final 
product that was not acceptable to the judges. Figures 8 
and 9 depict the innovative brioche-type products that 
were developed with complete substitution of animal fat 
and proteins by replacements of microalgal origin. 

4  Conclusions
Chlorella vulgaris is a strain of microalgae that is rich 
in proteins and fatty acids, which are healthy and 
beneficial for human health as shown by measurements 
in the characterization of the raw material. The lipids 
of C. vulgaris can be extracted by different solvents and 
techniques, but the solvent system of hexane: isopropanol 
is considered to be the desired solution, because it 
combines a satisfactory extraction yield with being an 
economic solvent system that can be easily purchased 
and has minimal environmental impact. For protein 
extraction from C. vulgaris, the method used was the most 
effective because it reached the maximum yield possible 
according to previous studies, using methods that do not 
alter the structure of proteins or their functionality. Both 
extraction methods used include solvents and chemicals 
that are allowed to be used in the food industry according 
to European legislation, and leave no odour or aftertaste 
in the final product if proper treatments are followed. 
The extracted lipids and proteins were used to develop 
brioche-type bakery products, replacing fats and proteins 
of animal origin, respectively. The substitution was 
successful, as the developed innovative bakery products 
contained no milk butter or eggs. Instead, the extracted 
proteins and lipids from C. vulgaris had substituted 100% 
of the above-mentioned ingredients. The final product 
showed no difference from the typical recipe, not only in 
sensorial but also in structural characteristics, as shown 
by the hedonic test conducted. The colour and the taste of 
the final innovative product were similar to the standard 
one, although lipids and proteins were extracted from 
microalgae. Moreover, the lack of milk butter and eggs, 
and the existence of antioxidants, omega-3 and omega-6 
fatty acids in the final product, offered an extended shelf-
life and a sense of freshness for a longer period than the 
reference product. Finally, the rancid taste associated 
with milk butter which is unattractive to consumers can 
be prevented with total substitution by microalgae-based 
fatty acids, specifically from C. vulgaris, which consists of 
16% lipids.

appearance. The new recipe using microalgal animal fat 
and protein replacers was rated almost the same as the 
existing recipe, and in some criteria, such as freshness 
and buttery taste, even prevailed, as shown by Figure 6. 
More specifically, five days after the production of both 
types of bakery products, the organoleptic control proved 
that the standard practice lacked freshness compared to 
the products with the innovative replacers. These results 
are due to the antioxidant action of C. vulgaris, which 
basically comes from the fatty acids and the antioxidants 
occurring in these microalgae, and which can prevent the 
degradation of sensorial characteristics such as flavour 
and odour of the final product. In contrast, the standard 
recipe contains substances susceptible to oxidation that 
develop an off-flavour, and no agents to terminate the 
action of free radicals, leading to the decay of the final 
product (DeLany et al. 2000). As a result, the product with 
the innovative replacers had extended shelf-life, better 
taste after some days compared to the existing practice 

Figure 8: The innovative brioche type product

Figure 9: The developed brioche type product



436   Maria-Styliani-Georgia Kafyra, et al.

Conflict of interest: Authors declare no conflict of 
interest.

References
Ainsworth E.A., Gillespie K.M., Estimation of total phenolic content 

and other oxidation substrates in plant tissues using Folin–
Ciocalteu reagent, Nat. Protoc., 2007, 2, 875–877

Álvarez R., Vaz B., Gronemeyer H., De Lera R.A., Functions, 
therapeutic applications, and synthesis of retinoids and 
carotenoids, Chem. Rev., 2014, 114, 1-125

Barbarino E., Lourenço S.O., An evaluation of methods for 
extraction and quantification of protein from marine macro-and 
microalgae, J. Appl. Phycol., 2005, 17, 447–460

Becker E.W., Micro algae as a source of protein, Biotechnol. Adv., 
2007, 25, 207–210

Ben-Amotz A., Avron M., On the Factors Which Determine Massive 
beta-Carotene Accumulation in the Halotolerant Alga Dunaliella 
bardawil., Plant Physiol., 1983, 72, 593–597

Bradford M.M., A rapid and sensitive method for the quantitation of 
microgram quantities of protein using the principle of protein 
dye binding, Anal. Biochem., 1976, 72, 248–254

Chemat F., Rombaut N., Sicaire A.G., Meullemiestre A., Fabiano-
Tixier A.S., Abert-Vian M., Ultrasound assisted extraction 
of food and natural products. Mechanisms, techniques, 
combinations, protocols and applications. A review, Ultrason. 
Sonochem., 2017, 34, 540-560

Crawford M.A., Nutritional Control of Heart Disease and Cancer: Are 
Different Diets Necessary, Nutr. Health, 1985, 4, 7–15

Da Boit M., Hunter A.M., Gray S.R., Fit with good fat? The role of 
n-3 polyunsaturated fatty acids on exercise performance, 
Metabolism., 2017, 66, 45-54

DeLany J.P., Windhauser M.M., Champagne C.M., Bray G.A., 
Differential oxidation of individual dietary fatty acids in 
humans, Am. J. Clin. Nutr., 2000, 72, 905-911

Duong-Ly K.C., Gabelli S.B., Salting out of proteins using ammonium 
sulfate precipitation, Methods Enzymol., 2014, 541, 85-94

Halim R., Danquah M.K., Webley P.A., Extraction of oil from 
microalgae for biodiesel production: A review, Biotechnol. 
Adv., 2012, 30, 709-732

Hariri N., Thibault L., High-fat diet-induced obesity in animal 
models, Nutr. Res. Rev., 2010, 23, 270–299

Hooper L., Summerbell C.D., Thompson R., Sills D., Roberts F. 
G., Moore H. J., et al., Reduced or modified dietary fat for 
preventing cardiovascular disease, Sao Paulo Med. J., 2016, 
134, 182-183

Jeffrey S.W., Mantoura R.F.C., Wright S.W., Phytoplankton pigments 
in oceanography, 1997, 77, 918

Kasperczyk S., Dobrakowski M., Kasperczyk J., Ostałowska A., 
Zalejska-Fiolka J., Birkner E., Beta-carotene reduces oxidative 
stress, improves glutathione metabolism and modifies 
antioxidant defense systems in lead-exposed workers, Toxicol. 
Appl. Pharmacol., 2014, 280, 36–41

Kjeldahl J.G.C.T., Neue Methode zur Bestimmung des Stickstoffs in 
organischen Körpern, Fresenius, Zeitschrift f. anal. Chemie, 
1883, 22, 366–382

Kovač D., Simeunović J., Babić O., Mišan A.Č., Milovanović I.L., Algae 
in food and feed, Food Feed Res., 2013, 40, 21–32

List G.R., Bleaching and Purifying Fats and Oils: Theory and Practice, 
2nd ed., AOCS Press, 2009

Lucca P.A., Tepper B.J., Fat replacers and the functionality of fat in 
foods, Trends Food Sci. Technol., 1994, 5, 12-19

Mickleborough T.D., Omega-3 polyunsaturated fatty acids in 
physical performance optimization, Int. J. Sport Nutr. Exerc. 
Metab., 2013, 23, 83-96

Nanditha B., Prabhasankar P., Antioxidants in bakery products: a 
review., Crit. Rev. Food Sci. Nutr., 2009, 49, 1–27

Page K.A., Chan O., Arora J., Belfort-DeAguiar R., Dzuira J., 
Roehmholdt B., et al., Effects of Fructose vs Glucose on 
Regional Cerebral Blood Flow in Brain Regions Involved With 
Appetite and Reward Pathways, JAMA, 2013, 309, 63

Panahi Y., Mostafazadeh B., Abrishami A., Saadat A., Beiraghdar 
F., Tavana S., et al., Investigation of the effects of Chlorella 
vulgaris supplementation on the modulation of oxidative stress 
in apparently healthy smokers, Clin. Lab., 2013, 59, 579–587

Pepino M.Y., Metabolic effects of non-nutritive sweeteners, Physiol. 
Behav., 2015, 152, 450-455

Safi C., Ursu A.V., Laroche C., Zebib B., Merah O., Pontalier P.Y., et 
al., Aqueous extraction of proteins from microalgae: Effect of 
different cell disruption methods, Algal Res., 2014, 3, 61–65

Shankar P., Ahuja S., Sriram K., Non-nutritive sweeteners: Review 
and update, Nutrition, 2013, 29, 1293-1299

Song J., Braun G., Bevis E., Doncaster K., A simple protocol for 
protein extraction of racalcitrant fruit tissues suitable for 2-DE 
and MS analysis, Electrophoresis, 2006, 27, 3144-3151

Stanhope K.L., Schwarz J.-M., Havel P.J., Adverse metabolic effects 
of dietary fructose: results from the recent epidemiological, 
clinical, and mechanistic studies., Curr. Opin. Lipidol., 2013, 
24, 198–206

Suez J., Korem T., Zeevi D., Zilberman-Schapira G., Thaiss C.A., Maza 
O., et al., Artificial sweeteners induce glucose intolerance by 
altering the gut microbiota, Nature, 2014, 514, 181–186

Tajima M., Ikarashi N., Imahori Y., Okaniwa T., Saruta K., Ishii M., et 
al., Consumption of a high-fat diet during pregnancy decreases 
the activity of cytochrome P450 3a in the livers of offspring, 
Eur. J. Pharm. Sci., 2012, 47, 108–116

Tokuşoglu O., Uunal M.K., Biomass Nutrient Profiles of Three 
Microalgae: Spirulina platensis, Chlorella vulgaris, and 
Isochrisis galbana, J. Food Sci., 2003, 68, 1144–1148

Villareal L.M.A., Cruz R.A.M., Ples M.B., Vitor R.J.S., Neurotropic 
effects of aspartame, stevia and sucralose on memory 
retention and on the histology of the hippocampus of the ICR 
mice (Mus musculus), Asian Pac. J. Trop. Biomed., 2016, 6, 
114–118

Wu J., Muir A.D., Comparative structural, emulsifying, and biological 
properties of 2 major canola proteins, cruciferin and napin, J. 
Food Sci., 2008, 73, 210-216

Yamauchi T., Kamon J., Waki H., Terauchi Y., Kubota N., Hara K., et 
al., 2001, The fat-derived hormone adiponectin reverses insulin 
resistance associated with both lipoatrophy and obesity., Nat. 
Med., 7, 941–946


