7® ROYAL SOCIETY
P OF CHEMISTRY

Food &
Function

View Article Online

View Journal | View Issue

The generally recognized as safe (GRAS)
microalgae Haematococcus pluvialis (wet) as a
multifunctional additive for coloring and
improving the organoleptic and functional
properties of foodsf
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This work proposes the application of astaxanthin-rich H. pluvialis wet paste (HPW) as a partial substitute
for wheat flour in the preparation of filloas, a dish that combines the basic ingredients of industrial bakery.
The nutritional and color profile of HPW-enriched samples was evaluated by comparative analysis with a
mixture of synthetic food dyes. The highest content of carotenoids (798 + 12 pg g~ and fatty acids (76 +
2 mg g™ was obtained for a filloa fortified with H. pluvialis in contrast to a non-significant dye response.
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Subsequently, the color stability of the fortified filloa was evaluated over time (3, 6 and 9 days), as well as
its physicochemical properties and microbiological profile. As a result, HPW provided filloas with a longer
shelf life, brightness (*L), and texture, in comparison with a mixture of synthetic dyes. In addition, an
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Introduction

Aesthetics as an enhancer of the final product in the food
industry has a positioning equal to or greater than the nutri-
tional value provided." Consumer choice has been proven to
be highly dependent on the appearance, appearance-induced
expectations, and visual quality of the food.> These demands
have focused efforts on whole foods that incorporate organo-
leptic and functional properties, generally requiring a wide
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inhibitory effect of HPW towards mesophilic aerobic microorganisms in the food was obtained.

number of additives and specific functional ingredients. As an
alternative to the high costs of improving individual food pro-
perties, multifunctional additives are clearly more attractive as
they improve more than one aspect of the final product. Among
the most common family of additives, the use of synthetic addi-
tives prevails over natural additives, due to their lower pro-
duction costs, giving them an 18% superiority in the global
food market in the last 5 years.® In contrast, their excessive use
has been framed in a controversial environment due to the
potential impact on the consumer, being associated with reac-
tions such as asthma, allergies, and tumor development.*

Within synthetic additives, food colors stand out for their
high consumption, with a five-fold increase in intake over the
last 60 years.” Paradoxically, they generally do not provide any
nutritional value, coupled with the growing concern about
their adverse health effects.® The main market for synthetic
colors is focused on sectors such as confectionery, where chil-
dren, the main consumers, are particularly affected by the
intake of these substances. Artificial colors such as azorubine
(E-122), tartrazine (E-102), erioglaucine (E-133), sunset (E-110),
quinoline (E-104), allura (E129), and ponceau 4R (E-124) have
been linked to possible effects on activity and attention in
infants.” Because of this, there is a trend in the industry to
remove synthetic food colors and replace them with natural
products.

Food Funct, 2023, 14, 6023-6035 | 6023


http://rsc.li/food-function
http://orcid.org/0000-0002-7143-8451
http://orcid.org/0000-0003-3516-0795
http://orcid.org/0000-0001-7224-1098
http://orcid.org/0000-0001-7683-8342
http://orcid.org/0000-0002-9050-5189
https://doi.org/10.1039/d3fo01028g
https://doi.org/10.1039/d3fo01028g
https://doi.org/10.1039/d3fo01028g
http://crossmark.crossref.org/dialog/?doi=10.1039/d3fo01028g&domain=pdf&date_stamp=2023-06-28
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fo01028g
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO014013

Open Access Article. Published on 22 May 2023. Downloaded on 12/4/2025 2:04:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Recent research on functional food ingredients has shown
interest in developing foods containing algae or algal ingredi-
ents.® Within this large group of living organisms, one of the
most promising sources of bioactive ingredients and com-
pounds for novel food products, which can be used to improve
the nutritional value of foods due to their balanced chemical
composition, are microalgae.” Different approaches have
increased the bioactive content of diverse food matrices, incor-
porating freeze-dried microalgae such as Arthrospira platensis,
Chlorella vulgaris, and Spirulina sp. at concentrations of 1 to
10% Zmicroalga Ziod |, Obtaining high consumer acceptance
and even a predilection for foods enriched with these
microorganisms.'® " Likewise, microalgae have several attrac-
tive characteristics for large-scale sustainable production, such
as high biomass yields per unit area and the ability to be culti-
vated on a non-arable land using non-potable water or even
salt water."® In turn, because not all microalgae are suitable
for consumption, approval as a Generally Recognized as Safe
(GRAS) organism is necessary. Limited microalgae have the
FDA-recognized GRAS status, mainly because this category
requires costly and time-consuming safety testing, which has
limited the number of algal species with the GRAS status."*

A microorganism characterized by its capacity to accumu-
late bioactive compounds, where carotenoids and fatty acids
stand out, is the microalga Haematococcus pluvialis."® This alga
belongs to the GRAS category, being an indirect but essential
coloring agent in providing the characteristic reddish hue to
salmon. This coloring is due to its ability to store up to 6% dry
weight (DW) of astaxanthin, and other carotenoids such as
B-carotene and lutein.'® This makes the microalga not only a
powerful coloring agent, but also a source of antioxidants with
potential action in the prevention of various health disorders
and metabolic diseases.'” In turn, H. pluvialis is cultivated to
produce omega-3 and omega-6 fatty acids, as it can store up to
32% DW of these essential fatty acids.'® In addition to their
beneficial effect in combating cardiovascular diseases, these
fatty acids are linked to astaxanthin through esterification pro-
cesses, giving it greater stability against degradation,'® main-
taining its bioactive capacity and bioavailability, as well as
prolonging its coloring capacity.

There is limited information on the use of microalgae as an
additive in the confectionery industry, to enrich its organolep-
tic and functional properties. Only one study has used
H. pluvialis as a partial substitute for whole grains to reduce
the glycemic response in cookies, showing a healthy alterna-
tive with bioactive potential.”® However, the costly lyophiliza-
tion process required to obtain flour from H. pluvialis and the
subsequent dry milling, which favors the degradation of caro-
tenoid compounds, make its use as a colorant on a commer-
cial scale complex.?! Therefore, a direct method that takes
advantage of the bioactive content of wet microalgae pastes by
avoiding pre-treatment of the biomass would be an attractive
approach.

In this way, this work shows a functional alternative for the
enrichment of the organoleptic and bioactive properties of
filloas (Galician pancakes), a typical dish from the northwest

6024 | Food Funct, 2023, 14, 6023-6035

View Article Online

Food & Function

of the Iberian Peninsula, which combines the essential ingre-
dients of the confectionery industry. The microalga in its wet
state is proposed as a natural coloring agent in contrast to
commercial synthetic colorants. Likewise, its functionality as a
potential moderator of the physicochemical and microbiologi-
cal degradation of foodstuffs is determined through a stability
study.

Materials and methods
Haematococcus pluvialis wet paste biomass

The astaxanthin-rich Haematococcus pluvialis wet paste (above
50 MEastaxanthin Eow ) Was obtained through a two-step indus-
trial process optimized for maximum astaxanthin concen-
tration following the best set of parameters delimited by
Pereira and Otero 2020.>* In summary, in a first stage, the
vegetative cell growth of H. pluvialis is promoted until a
defined density is reached (target value: 7.0 x 10° cells per
mL). Then, the microalga is exposed to inductive conditions of
irradiation and nitrate starvation, which induced the accumu-
lation of astaxanthin. The wet biomass is centrifuged to
remove free water until a paste containing about 25% solids is
obtained. The paste was then stored at a temperature of
—20 °C.

Filloa preparation

The preparation of filloas was outlined by the American
Association for Cereal Chemistry (AACC) 10-80.01 Baking Flour
Quality in a Pancake-Making Method, with slight modifi-
cations applied to preserve the original organoleptic character-
istics of filloas.>® The basic recipe requires flour (136 g), two
eggs, milk (340 mL), salt (0.20 g) and sugar (10 g). The
addition percentages of the microalgae paste were determined
by a previous analysis (results not shown) of 50% inhibition of
oxidative haemolysis (OxHLIA). Thus, a concentration that
guarantees 50% inhibition of OxHLIA analysis was added as a
lower limit; 7% (7 gmicroalgacow 100 Zaour ) (HPW?7) as well as
an inhibition higher than 95% using 13% (13 gmicroalgacpw
100 gnour ') (HPW13) have been considered. These concen-
trations provide a total free astaxanthin concentration in a 20 g
portion below the intake suggested by the European Food
Safety Authority of 8 mg day '.** For comparative analysis of
the pigmentation obtained by the addition of HPW relative to
a synthetic dye (ESI Table S17), the volumes of the commercial
colorants E122 (2.6 mL) and E102 (3.9 mL) were determined by
colorimetric analysis to an equivalent hue between the color-
ant and HPW?7 of +4 (ESI Fig. S17).

For the preparation of the control filloas, eggs and milk
were mixed with an electric mixer for 2 minutes. Then, salt,
sugar, and flour were added and mixed for 3 minutes. HPW
supplemented filloas were prepared by replacing the wheat
flour by the corresponding dry weight of the algae paste (7 and
13%). The optimized volume of E122 red and E102 yellow was
added for the comparative study with the addition of a com-
mercial food dye. Since the H. pluvialis cells need to be broken

This journal is © The Royal Society of Chemistry 2023
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to release their content, both the control and the sup-
plemented mixtures were homogenized in an Ultra Turrax®
T25 rotor-stator system at 24 000 rpm for 3 minutes in an ice
bath. The filloas were cooked on a 12 cm circular hotplate at a
temperature of 190 °C. Cooking was timed with 1 minute
contact time on each side of the pancake. Then, the filloas
were left to rest at room temperature for 1 minute. For the
quantification of bioactive compounds (carotenoids and fatty
acids), the filloas were lyophilized and stored in the absence of
light at —20 °C. A triplicate of the feed was performed for each
factor (blank, dye, HPW7 and HPW13), analysis group (micro-
biological and physicochemical), as well as for each study day,
generating a total of 96 samples.

Extraction of bioactive compounds

Standards used for the characterization and quantification of
carotenoid and fatty acid compounds in the filloas are sum-
marized in ESI Table S2.1 MS-grade ultrapure water, ethanol,
methanol, methyl tert-butyl ether (MTBE) and dimethyl-
formamide (DMF) were purchased from Scharlab (Barcelona,
Spain). Individual stock solutions of carotenoids were prepared
in DMF according to the supplier’s recommendations. Alpha-
tocopherol and alpha-tocopherol acetate were used as an
internal standard and a surrogate (100 mg L"), respectively.
Fatty acid standards were prepared in MTBE using nonadeca-
noic acid as an internal standard and lignoceric acid as a sur-
rogate (2 mg mL™"). All solutions were stored in amber glass
vials and protected from light at —20 °C.

For the extraction, 1 g of the lyophilized sample was added
with 36 pL of the surrogate solution and 2 mL of MTBE. The
mixture was disrupted using an IKA T25 rotor-stator system at
24 000 rpm for 1 minute in an ice bath, and then centrifuged
at 3800g, separating the upper organic phase. The extraction
was repeated four times until the enriched samples had lost
their color. The MTBE extract was gently evaporated under a
nitrogen stream and reconstituted according to the sub-
sequent analyses.

HPLC-DAD analysis (carotenoid characterization)

For the chromatographic analysis, the procedure of Castillo
et al. 2020 was used, with slight modifications."® Briefly, a
Jasco AS-4100 model HPLC-DAD, incorporating a PU-4180 qua-
ternary pump and a PDA MD-4010 diode array detector, was
used. A Kinetex 5 pm C18-100 A column (4.6 x 150 mm,
2.6 pm) maintained at a constant temperature of 30 °C was
used for chromatographic separation. The mobile phase con-
sisted of a 1% formic acid solution in water (A) and in metha-
nol (B). Thus, with a constant flow rate of 1 mL min~", a ratio
of 20% of (A) to 80% of (B) was established for 5 min, and
then progressively increased to 100% (B) in 10 min, and main-
tained for 25 min. For quantification, calibration standards
were prepared at six concentration levels in DMF (0.5, 1, 5, 10,
15, and 20 mg L™'). Each level was injected at least in tripli-
cate. A directly proportional relationship between the concen-
tration and the chromatographic response was demonstrated,
with coefficients of determination (R*) greater than 0.992 in all

This journal is © The Royal Society of Chemistry 2023
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cases (ESI Fig. S2t). Sample extracts were diluted in 80 pl of
DMF, after addition of 10 pL of the IS dilution to give a final
concentration of 100 mg L', and filtered through 0.22 pm
polytetrafluoroethylene (PTFE) filters before injection.

GC-MS analysis (fatty acid characterization)

The analysis was performed using an Agilent 780A GC with an
Agilent 7693 injector and coupled to an Agilent 5975C triple-
axis inert mass quadrupole detector (Agilent Technologies,
Palo Alto, CA, USA). Chromatographic separation was per-
formed using a Zebron ZB column (30 x 0.25 mm x 0.25 pum)
obtained from Phenomenex (CA, USA). Helium was used as a
carrier gas at a constant column flow rate of 1 mL min~". For
the quantification of fatty acids, a calibration curve (ESI
Fig. S31) was prepared with the fatty acid standards at 9 con-
centration levels (0.2, 0.5, 1, 2, 2, 5, 10, 20, 50 and 100 mg L ™)
in MTBE. The extract was diluted in 50 pl of MTBE containing
50 pL of the internal standard (nonadecanoic acid) to a final
concentration of 3 mg L™". A derivatization process using tri-
methyl sulfonium hydroxide (TMSH) was performed according
to Rubio et al, 2018, with slight modifications.”® Briefly,
dilutions of standards and samples were mixed with 50 pL of
TMSH and allowed to react in the absence of light for 30 min.
Selected Ion Monitoring (SIM) acquisition mode was
implemented monitoring 2 or 3 ions for an unequivocal identi-
fication and quantification of the fatty acids.

Stability study

To uncover the effects of the addition of the microalgae paste
and artificial coloring on the preservation of the filloas, the
four levels (ESI Fig. S11) were analyzed in triplicate. Each set
consisted of identical pieces of filloas with average values of
10.6 cm diameter and 157 + 1 g mass. To ensure the suitability
of the analyses, the wet microalgae paste was sterilized in an
autoclave prior to the enrichment of the samples to prevent
contamination of the culture media containing the microalgae.
Autoclaving of the microalga paste is applied only in the stabi-
lity study, and its microbiological profile is evaluated to ensure
the absence of pathogenic microorganisms. After cooking and
subsequent cooling to room temperature, the filloas were
stored in food grade bags. Immediately afterwards, all samples
were placed in trays and stored at a constant temperature of
20 °C. Four different storage times, measured in days, were
used to monitor changes in the physical properties and
microbial load, namely TO (immediately after treatments), T3,
T6 and T9.

Microbiological analysis

General sample preparation. The preparation of samples for
microbiological analysis followed the procedure described in
the International Organization for Standardization (ISO) 6887-
1:2003. Filloa samples (10.0 + 0.1 g) were mixed with 90 mL of
peptone water (PW) and homogenized by vortexing. The
obtained suspensions were further diluted to obtain dilutions
from 107" to 107°. Each dilution was analyzed in duplicate.

Food Funct., 2023, 14, 6023-6035 | 6025
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Microorganism analysis

Aerobic plate count (APC). 1 mL of each prepared suspen-
sion was mixed with 20 mL of Plate Count Agar (PCA) by the
pour plate method, in duplicate (LOQ = 1 log UFCper g). The
plates were further incubated in a reversed position at 30 °C
for 72 h and counted according to ISO 4833-2:2013.7°

Coliforms and E. coli. For the counting of coliforms, 1 mL of
each suspension was mixed with 20 mL of Violet Red Bile
Lactose Agar (VRBLA), by the plate method, in duplicate (LOQ
=1 log UFC per g). For E. coli determination, the medium was
supplemented with 4-methylumbelliferyl-beta-p-glucuronide
(MUG). The plates were further incubated in a reversed posi-
tion at 30 °C for 48 h and counted according to the ISO
4832:2006 standard.*’

Yeasts and molds. 0.2 mL of each suspension was spread
in Petri dishes containing 20 mL of Agar Dicloran Rosa
Bengala Cloranfenicol Base (DRBC), in duplicate (LOQ = 1.7
log UFC per g). The plates were further incubated in an
upright position at 25 °C for: 72 h for yeast counting and
120 h for mold counting, according to the ISO 21527-2:2008
standard.”®

Psychrotrophic bacteria. 1 mL of each suspension was mixed
with 20 mL of Man, Rogosa and Sharpe agar (MRS), by the
plate method, in duplicate. The medium was allowed to soli-
dify, and another 5 mL of medium was added to create anaero-
biosis (LOQ = 1 log UFC per g). The plates were incubated in
an upright position at 22 °C for 5 days and counted according
to the International Organization for Standardization (ISO)
number 4832:2006.%"

Staphylococcus aureus. 0.2 mL of each suspension was
spread in Petri dishes containing 20 mL of Baird Parker Agar
Base (BP), in duplicate (LOQ = 1.7 log UFC per g). The plates
were further incubated at 36 °C for 24 h for the counting of
colonies according to ISO 6888-1.>°

Texture analysis

Texture profile analysis of the H. pluvialis-enriched filloa
samples, synthetic dye, and control group was determined
using a TA-XT plus texture analyzer from Stable Micro Systems
(Vienna Court, Godalming, UK), equipped with a 5 kg load
cell, using a 1” spherical P/1S aluminium probe and a smooth
HDP/TPB ring holder. A compression force analysis was per-
formed on the samples, with a trigger force of 5 g and a speed
of 4.0 mm s™', as a pre-test and 1 mm s~ as the test speed.
The samples were spread evenly in a hollow holder (8 cm dia-
meter and 0.9 cm high) and tested in the objective mode. The
probe distance was set to 40 mm, and force was applied in the
concentric central zone until rupture. The toughness and
extensibility values were measured with an acquisition rate of
200 points per second, obtaining a maximum variation of
+12 g and +1.9 mm, respectively. All analyses were performed
in triplicate on each day of analysis; the results were expressed
as the mean =+ standard deviation (SD). The data obtained were
generated and analyzed using Exponent Stable Micro System
software, version 6.16.18.0.
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Color analysis

The color measurements were carried out using a portable col-
orimeter model CR400 (Konica Minolta Sensing, Chiyoda,
Tokyo, Japan) with 10° and 8 mm aperture viewing angles. To
account for the heterogeneous color of the filloa surface, the
color was measured at 10 different points, distributing 5 ring
measurements in the central zone and 5 in the outer zone.
Each analysis was carried out in triplicate through the con-
sidered storage sampling times. The recorded values were gen-
erated using the standard space defined by the International
Commission on Illumination (CIE) L*a*b* of 1976, where L*
represents the lightness from black (0) to white (100), a* the
variation in redness (green-red) and b* between blue and
yellow shades. Measurements were conducted under the stan-
dard illuminant CIE D65. All data were analyzed using the
Color Image Processing plug-in of MATLAB® software. For a
qualitative study, the values obtained were converted to their
corresponding values on a hexadecimal scale (HEX) and their
hue was then generated for visual analysis.

Physicochemical analysis

To quantify the variation in the physical integrity of the filloas,
the internal thickness, diameter and external thickness were
measured on different days of storage. A digital vernier was
used for this purpose, taking each measurement in triplicate.
To observe the deterioration qualitatively, the variation on the
different study days was documented by using image acqui-
sition. Water activity (a,,) measurements of the filloas were
obtained using an Aqualab water activity analyzer (4TE
Decagon, Munich, Germany). The measurements were con-
ducted at three different points of each sample.

To determine the moisture content of the samples, 2 g were
extracted from three areas of the feed at equidistant points
along the radius of the meal. The samples were placed on
metal determination plates inside the moisture analyzer
(Adam Equipment, PMB 163). The moisture content was
removed through a progressive temperature ramp-up to
110 °C, where it remained stable for an average time of
20 minutes. The test ends when the variation in the mass of
the feed due to moisture, within 1 min, is less than 0.001 g.
The moisture value is represented as the percentage ratio 1 —
(my-m¢"), where m, is the value of the initial mass and m is
the mass of the food after its moisture removal.

Nutritional value

Ash, fat, and protein contents were evaluated according to the
official Association of Official Analytical Chemists (AOAC) food
analysis methods.?® The macro-Kjeldahl method was used to
estimate the crude protein content (N x 6.25); crude fat was
extracted using a Soxhlet apparatus using petroleum ether as a
solvent; the ash content was assessed by incineration of the
filloa samples at 550 + 10 °C. The total carbohydrate content
(g per 100 gpw) was determined by difference as follows: 100 —
(g protein + g fat + g ash). Energy (kcal per 100 gpw) was calcu-

This journal is © The Royal Society of Chemistry 2023
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lated according to the Regulation (EU) no. 1169/2011°" as
follows: 4 (g protein + g carbohydrate) + 9 (g fat).

Statistical analysis

All data were expressed as mean + standard deviation, and tests
were run in triplicate. For microbial data, after confirming the
homoscedasticity of the samples, an analysis of variance (ANOVA)
was performed using a mixed effects model with a Dunnett’s test
to classify differences according to the control group. For physico-
chemical parameters (texture, color, pH, water activity and physi-
cal integrity), a general linear ANOVA was carried out and
Dunnett’s method was also applied for classification. All analyses
were performed using Minitab, LLC. 20.3. All statistical oper-
ations were performed at a significance level of 5%.

Results and discussion
Nutritional composition

The nutritional composition of the filloa samples is shown in
Table 1. The incorporation of synthetic dyes did not lead to
any nutritional modification of the food. The fat content
increased with the proportion of H. pluvialis paste, showing a
statistically significant variation (p < 0.05) when compared to
the control group. This can be explained by the composition of
H. pluvialis, with up to 37% of lipids, mainly essential fatty
acids.”® The ash and protein contents did not vary between
samples. The carbohydrate content decreased in the sup-
plemented samples due to their lower content of flour. On the
other hand, the caloric value (kcal per 100 g) was higher in
samples containing the microalga paste. Fat intake of about
35% of total energy, with a concomitant reduction in carbo-
hydrate intake, could reduce the risk of dietary diseases.*?
Thus, the results obtained show an important attractiveness of
H. pluvialis as a food additive, providing a nutritional contri-
bution, increasing the content of fatty acids mainly from the
omega-3 and 6 families, as well as a decrease of the carbo-
hydrate content without modifying the protein content and
providing a higher caloric content.

Bioactive compounds

Carotenoids. The concentrations of the carotenoids deter-
mined in the filloa samples are depicted in Fig. 1. As expected,

Table 1 Energy and nutritional profile of the filloa samples
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Fig. 1 Concentration of the carotenoid compounds and their esters
identified in the filloa samples. Blank: the control group; dye: the syn-
thetic colorant; HPW7 and HPW13: addition of wet H. pluvialis at con-
centrations of 7% and 13% (9microalgabw Growr ), respectively. *AME:
astaxanthin monoesters.

the results show that both HPW7 and HPW13 samples were
significantly enriched (p < 0.05) (Table 2) in carotenoids from
H. pluvialis, with a total carotenoid concentration of 330 pg g~*
and 798 pg g, respectively. Obviously, the addition of dyes
did not generate any modification on the carotenoid content
of the samples.

The ability of H. pluvialis to store high amounts of astax-
anthin is well known, with 5% in free form and 95% esterified
as astaxanthin monoesters (AME).'® Fig. 2 shows a typical
chromatogram of the samples tested, showing 5 intense peaks
identified as AME in the two enriched samples. This profile
agrees with that previously characterized, identifying the peaks
as astaxanthin esters of the fatty acids C18:4 (AME1), C18:3
(AME2), C18:2 (AME3), C18:1 (AME4) and C16:0 (AME5)."
Thus, the enriched samples show the PUFA > MUFA > SFA
ratio with the omega-9,6 and 3 families.

Small concentrations of lutein and canthaxanthin were
present in the control sample, attributed to the content per se
in the egg yolk. These values do not show significant differ-
ences when the artificial dye is added, in contrast to the two
supplemented samples, in which the concentration of lutein
and canthaxanthin increased 2 to 4 times. A significant contri-
bution of B-carotene from the microalga paste is also evident
at concentrations up to 36 pg g_l.

Sample Fat (g per 100 g) Ash (g per 100 g) Proteins (g per 100 g) Carbohydrates (g per 100 g) Energy (kecal per 100g)
Blank 4.39+0.3 4.63 £ 0.36 8.7+0.2 82.3+0.9 403 +7.7

Dye 4.11 £ 0.12 4.48 £ 0.36 8.1+0.5 83.3+0.9 402+ 6.7

HPW7 5.08 +0.48 4.59 £ 0.29 8.7+0.1 81.6 + 0.9 407+ 8.3

HPW13 6.51 £ 0.3* 4.59 £ 0.33 9.1+0.3 79.5 £ 0.9% 414+ 7.5*

Dunnett’s test 0.009 >0.05 >0.05 0.048 0.021

p-value (n=12)

Blank: the control group; dye: the synthetic colorant; HPW7 and HPW13: addition of wet H. pluvialis at concentrations of 7% and 13%

(8microalganw Zhour ), TESpectively. *: significant effect.

This journal is © The Royal Society of Chemistry 2023
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Table 2 Concentration of carotenoid compounds and their esters identified in the filloa samples

Concentration (pg g7')

Type AME-4 AME-3 AME-5 AME-2  p-Carotene AME-1 Lutein Cantha.  Asta. Total
Blank <DL <DL <DL <DL <DL <DL 2.5+01 1.3+0.1 <DL 3.9+0.1
Dye <DL <DL <DL <DL <DL <DL 23+02 1.2%0.1 <DL 3.5+0.2
HPW7 123.8 £ 80 + 3* 52.9 + 40 + 2% 17 +1* 5.9+ 4.3 + 3.0+ 2.6 + 330 + 3*
0.8* 0.5* 0.3* 0.1* 0.2* 0.1*
HPW13 317 £ 2% 172 + 131 £15% 105 =+ 36 + 5% 14 £ 1% 8.9+ 5.5+ 5.8+ 798 +
12* 5% 0.5% 0.1* 0.6* 12*

Dunnett’s test p-value (n = <0.001 <0.002 0.001 <0.001 0.004 0.001 <0.001 <0.001 0.001 <0.001

12)

Blank: the control sample; dye: the synthetic dye; HPW7 and HPW13: addition of wet H. pluvialis at concentrations of 7% and 13% (gmicmalgaDw
Zrour ), Tespectively. Cantha: canthaxanthin. Asta: astaxanthin. AME: astaxanthin monoesters. DL: detection limit. *: significant effect.
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Fig. 2 Chromatographic profile obtained at 450 nm via UHPLC-DAD of
the filloa samples. Blank: the control group; dye: the synthetic colorant;
HPW?7 and HPW13: addition of wet H. pluvialis at concentrations of 7%
and 13% respectively. AME: astaxanthin
monoesters.

-1
(gmicroalgaDW Yflour ):

The carotenoid profile obtained here, although outstand-
ing, is complex to compare with other similar studies addres-
sing the incorporation of bioactive compounds from
H. pluvialis into food matrices. This is because only a single
tracer, astaxanthin, is reported. In turn, this is generated by
the singular focus towards the isolation of a single compound
(free astaxanthin), which is usually added to food matrices in
the form of powder enriched in this carotenoid derived from
H. pluvialis. Some foods such as cookies or bread have been
enriched in concentrations of 0.4 to 15% of pure
astaxanthin.’®?® However, the synergistic activity of astax-
anthin is known when combined with other carotenoids such
as lutein, canthaxanthin, as well as carotenoids of lower
polarity such as p-carotene.>”** In addition, the esterified form
of astaxanthin has shown greater stability and bioavailability
compared to its free structure and has also shown increased
solubility when bound to amphipathic fatty chains.”-*®

Fatty acids. Twelve fatty acids were determined, and the
results are shown in Fig. 3 as normalized concentrations. As
discussed above, the addition of H. pluvialis paste increases

6028 | Food Funct, 2023, 14, 6023-6035

Concentration (mg-g"!)
w

WBLANK ™ DYE

HPW7 HPW13

Fig. 3 Normalized concentrations of fatty acids (concentration of the
sample — concentration of the blank) in the filloa samples. Blank: the
control group; dye: the synthetic colorant; HPW7 and HPW13: addition
of wet H. pluvialis at concentrations of 7% and 13% (gmicroalgabw Grour 1),
respectively.

the fat content of the samples from an initial value of 61 mg
g~ for the control filloa to 69 and 76 mg g~ " for the samples
supplemented with 7 and 13%, respectively (Table 3).
Specifically, the sample with the highest microalgae paste
content showed an increase of more than 20% of C18:2, C16:0,
C16:0, C16:0, C18:1, C18:3, C18:0, C16:0, C20:5 and C20:4 fatty
acids, especially linoleic acid (C18:2). The major fatty acids are
C18:3, C18:2, C18:1, C18:0 and C16:0, representing 95% of the
total lipid content, which clearly correlates with the profiles
observed for the AME compounds.

This lipid profile is closely related to the astaxanthin con-
centration in the microalga. During the culture phase of
H. pluvialis, nutrient starvation conditions are induced which
trigger both carotenogenesis (astaxanthin formation) and lipid
deposition. In turn, traditional approaches to microalga pro-
duction tend to focus on a single product, with very limited
viability, being maintained only by high-value products such
as astaxanthin.’” In response to this, the application of wet
paste that simultaneously binds high-value carotenoids as bio-
active lipid chains exemplified here, from a single microalga
feedstock, is shown to be the best option.

Moreover, this multi-extractive approach provides an
additional synergy, as astaxanthin-rich red blood cells, as well

This journal is © The Royal Society of Chemistry 2023
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as fatty acids such as oleic acid, have shown higher bioactivity
and appear to be more suitable for human consumption in
nutraceuticals or pharmaceuticals.?® These compounds show a
symbiotic behavior, modulating lipid degradation, thanks to
the antioxidant capacity of carotenoids, while maintaining
greater stability and bioactivity in compounds such as astax-
anthin when in esterified form.*® This is a clear advantage of
using microalga in a paste form (as a whole), as opposed to
isolating a single compound by extraction.

Stability study

Color. To evaluate the isolated effect of the factors sample
enrichment (type) and storage time (day) on the color of the
filloas, a summary of the ANOVA using Dunnett’s method is
shown in Table 4. The upper part of the table shows only the
effect of the time variable on the overall response of the para-
meters L*, a*, and b*. The lower part of the table shows the
overall effect of the different addition levels on these hue
values. Using the comparative study of the control points (day
0 and blank), the L*, a* and b* values are represented as the
mean value for each factor. As expected, the addition of dyes
and microalgae paste generated significant variability related
to the control group in the measured parameters L*, a* and b*,
redness (@*) being the one showing the highest difference. The
brightness value (L*) showed significant variability from the
sixth day of storage, which resulted in general darkening of the
samples. This darkening is represented in Table 5, showing
the daily average corresponding hue for each sample.

The blank underwent greater darkening in contrast to the
other samples, being critical from the sixth day, as shown in
Fig. 4a. The dyed sample behaved similarly to the HPW13
sample. In turn, HPW7 maintained the brightness with only a
difference of less than 2% concerning the dyed sample.

Although the a* and b* values did not demonstrate signifi-
cant modifications with storage time, these parameters were
represented (Fig. 4b and c) for the different levels of addition
of the filloas to evaluate their tendency. Therefore, a balanced

Table 4 ANOVA study of the CIE L*a*b* color profile of the filloa
samples at storage days 0, 3, 6 and 9

L* a* b*

Day 0 53.6 +0.4 19.2 + 0.2 22.4+0.3
3 53.0+£0.3 19.3 +0.2 23.9+£0.1
6 51.2 £ 0.3* 19.2+0.1 22.2+0.5
9 48.6 + 0.3* 19.1+£0.1 22.8+0.3

p-Value Dunnett’s test ~ <0.001 >0.05 >0.05

(n=120)

Type Blank 68.8 £ 0.3 2.4 +0.3 29.1+£0.4
Dye 50.9 £ 0.3* 30.2 £ 0.2% 24.9 + 0.2*
HPW7 46.7 £ 0.3* 22.6 £ 0.3% 18.8 £ 0.4*
HPW13 40.0 = 0.3* 21.8 £ 0.3* 16.3 £ 0.5*

p-Value Dunnett’s test >0.001 >0.001 >0.001

(n=120)

Blank: the control sample; dye: the synthetic dye; HPW7 and HPW13:
addition of wet H. pluvialis at concentrations of 7% and 13%
(8microalgapw Zhour ), TESpectively. *: significant effect.

Food Funct., 2023, 14, 6023-6035 | 6029
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Table 5 CIE L*a*b* parameters at storage days 0, 3, 6 and 9

View Article Online
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Hue (brightness; redness; yellowness)

Sample Day 0 Day 3

Day 6 Day 9

Blank

72.5;1.3;30.3

73.2;2.1;30

67.2;2.6;29.1

Blank: the control sample; dye: the synthetic dye; HPW7 and HPW13: addition of wet H. pluvialis at concentrations of 7% and 13% (Zmicroalgapw
gﬂouril); reSpeCtively.

Lightness (L*)

100%

80% 100%
60% 80%
40% 50%
20% 40%

20%

0% 0%

EBLANK mDYE

u HPW 7%

mHPW 13%

HBLANK mDYE

(@) (b)

Redness (a¥*)

= HPW 7%

Yellowness (*b)

//\

100%
80%
60%
40%
20%

0%

u HPW 13% H BLANK

mDYE

WHPW7% mHPW 13%

(c)

Fig. 4 Evolution of CIE. (a) Lightness L*, (b) redness a*, and (c) yellowness b* parameters of the samples at storage days 0, 3, 6 and 9. Blank: the
control sample; dye: the synthetic dye; HPW7 and HPW13: addition of wet H. pluvialis at concentrations of 7% and 13% (gmicmalganw gﬂour‘l),

respectively.

profile of the parameter a* for all levels of addition is high-
lighted in contrast to the control, which acquires high redden-
ing from the 6th day of analysis onwards. HPW7 and HPW13
samples showed a lower variability of the a* and b values in
contrast to the dye addition.

The comparative analysis with other studies that address
the stability in the coloration provided by H. pluvialis in food
is complex, due to the scarce information, being the main
focus, the coloration provided by the microalgae but not the
behavior of the color as a function of time in the food. An
investigation evaluating the coloring capacity of dried
H. pluvialis in food emulsions shows, analogous to this study,
a significant loss in the brightness of the enriched food
sample. In turn, it also exhibits significant variations of the a*
and b* parameters in the sample.*’ This may be due to the
pre-processing performed on the algae prior to its addition to
the food matrix. A negative effect on the stability of the caro-
tenoids in the drying process has been demonstrated, as well
as the above-mentioned increased instability due to the
removal of lipid chains in the search for pure astaxanthin. The
application of the wet paste, without drying or subsequent pre-
treatment, may therefore result in a longer duration of color in
the food. Likewise, as already mentioned, the addition of this
drying step involves additional costs that make it economically
incompatible at industrial scales.*' Moreover, the industrial

6030 | Food Funct, 2023, 14, 6023-6035

approach to a single compound, such as astaxanthin for the
generation of color in food, loses value compared to the possi-
bility of exploiting the microalgae in its wet paste form, which
simultaneously binds other high-value carotenoids as bioactive
lipid chains, as proposed here.

Texture. The analysis of maximum strength and breaking
distance values by applying a load is one of the most common
methods for determining the mechanical behavior of foods
such as pancakes, tortillas, and cookies.**™** Therefore, the
toughness and extensibility values generated through compres-
sive tests applied to the filloas on the different days of the
study were quantified. In the same way, the response values
were obtained: diameter, internal thickness, and external
thickness, which delimit the physical integrity of the filloas.
These values were analyzed following the same statistical
guidelines used in the colorimetric analysis and are summar-
ized in Table 6. Analogous to Table 4, the upper part of Table 6
shows only the effect of the time variable on the overall
response of the exposed rheological parameters. The lower
part of the table shows the overall effect of the different
addition levels on these rheological parameters.

In relation to the storage time, significant modifications are
generated mainly in the extensibility (day 3), toughness (day 6)
and external thickness (day 9). As the days go by, the filloas
increase rigidity, decreasing their elongation capacity.

This journal is © The Royal Society of Chemistry 2023
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Table 6 Response to mechanical stress applied to the filloa samples represented as toughness (g) and extensibility (mm), and the structural para-
meters — diameter, internal and external thickness — at days 0, 3, 6 and 9 corresponding to the stability study

Toughness (g)  Extensibility (mm) Diameter (mm) Internal thickness (mm) External thickness (mm)
Day 0 364 +14 21.6 0.4 107.5 £ 0.1 1.23 £ 0.03 0.24 +0.01
3 352 +23 17.1 £ 0.6* 107.3 £ 0.6 1.15 +£ 0.05 0.16 + 0.08*
6 278 +24* 13.7 £ 0.7% 105.7 £ 0.7 1.14 + 0.05 0.21 +0.03
9 132 + 25% 10.0 + 0.7* 108.9 £ 0.6 1.07 £ 0.05 0.15 + 0.09*
p-Value (n=12) Dunnett’s test <0.003 <0.002 <0.200 <1.000 >0.001
Type Blank 215+ 14 13.7+04 110+ 3 1.12 + 0.03 0.25 +0.01
Dye 287 +24 " 14.8 £ 0.7 106 + 1* 1.15 + 0.04 0.20 £ 0.02*
HPW7 307 £ 25* 16.1 £ 0.7* 106 + 1* 1.17 £ 0.04 0.18 + 0.02*
HPW13 319+24 " 16.8 £ 0.7* 106 + 1* 1.14 + 0.04 0.14 £ 0.02*
p-Value (n=12) Dunnett’s test <0.015 <0.004 >0.001 <1.000 >0.008

(gmicroalgabw Zrour ), TESpectively. *: significant effect.

Similarly, they lose strength, being more susceptible to break-
age. All these parameters are significantly modulated by the
addition of microalgae paste, which, unlike dye, can maintain
the extensibility in percentages higher than 38% and 20% rela-

Blank: the control group; dye: the synthetic colorant; HPW7 and HPW13: addition of wet H. pluvialis at concentrations of 7% and 13%

tive to the blank for the levels HPW7 and HPW13, respectively.
At the same time, an inverse relationship (Fig. 5a) is shown
between the addition of the microalgae paste and the external
thickness of the filloas. In contrast, the control group shows

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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= Fig. 5 Variability of the structural parameters: (a) external thickness (mm), (b) internal thickness (mm), and (c) diameter (mm) at different levels of
=R addition in the filloas at days 0, 3, 6 and 9 corresponding to the stability study. Blank: the control group; dye: the synthetic colorant; HPW7 and
HPW13: addition of wet H. pluvialis at concentrations of 7% and 13% (9microalgapw gﬂwr‘i), respectively.
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Fig. 6 Variability of the response to mechanical stress applied to the filloa samples represented as (a) toughness and (b) extensibility at different
levels of addition in the filloas at days 0, 3, 6 and 9 corresponding to the stability study. Blank: the control group; dye: the synthetic colorant; HPW7
and HPW13: addition of wet H. pluvialis at concentrations of 7% and 13% (9microalgabw gﬂou,‘l), respectively.
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an overall growth of the external thickness, presenting a
maximum on the sixth day of storage, decreasing in the form
blank > dye > HPW7 > HPW13. This can be explained by the
fact that the thickness revealed a labile structure, fragmenting
over the days, and giving a different contour that increased
radially. Therefore, a thinner and more durable consistency
could be associated with higher structural preservation of the
food. This behavior is assumed to be due to the contribution
of carotenoids by the microalgae, which are known to influ-
ence the rheological properties of foods.*” Both the internal
thickness and diameter of the filloas were not significantly
altered by storage time. In contrast, less variability is shown in
these parameters (Fig. 5b and c¢) when the concentration of
microalgae in the filloas is increased.

Regarding the toughness of the filloas, a significant
decrease is evident after the sixth day of storage (Fig. 6), reach-
ing a decrease of 55% for the blank throughout the 9 days of
analysis. Both dye and HPW7 and HPW13 show significant
effects on this property, improving as follows: HPW13 > HPW7
> dye. The stabilizing effect by the dye is assumable due to
concentrations of E202 (potassium sorbate) used as a preserva-
tive in producing this type of dye. The action of E202 in modi-
fying starch films is known to improve their elongation at
break when the concentration of sorbate is increased.*®

Microbial counts. The statistical analysis for the evaluation
of the stability of the filloas (days 0, 3, 6 and 9) in relation to
the growth of mesophilic aerobic microorganisms and Bacillus
cereus is summarized in Table 7. Together, the response values
for moisture, pH, and water activity, which have a significant
correlation with the development of these pathogens, are
shown. Molds, yeast, and Staphylococcus were not detected in
any of the samples as well as on the different days of evalu-
ation. Both total APC counts and Bacillus cereus growth
increased on the different study days (Fig. 7a and b, respect-
ively). In turn, only the lowest level of addition of H. pluvialis
provided a significant decrease in the APC count. Interestingly,
an increase in the amount of microalgae paste did not result
in a greater inhibition of APC content. This can be explained
by a lower flour content in the food for the maximum level of
microalgae paste addition, decreasing its free water retention
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Fig. 7 Inhibitory effect on the development of (a) mesophilic aerobic
microorganisms and (b) Bacillus cereus at different levels of addition in
the filloas at days O, 3, 6 and 9 corresponding to the stability study.
Blank: the control group; dye: the synthetic colorant; HPW7 and
HPW13: addition of wet H. pluvialis at concentrations of 7% and 13%
(gmicroalgaDW gflour_l)r resPeCtivel}'-

capacity. In addition, Table 7 shows a higher water activity con-
tained in HPW13 in relation to HPW7. Hossain et al., 2017
reported a similar effect when incorporating H. pluvialis
powder as a flour substitute in cookies, obtaining a lower
water retention capacity to different flours tested.*® Thus, an
excess of free water could slightly favor pathogen growth. In
relation to the growth of Bacillus cereus, the addition of the
microalgae paste does not present significant differences
overall. In contrast, when the inter-day action is evaluated
(Fig. 7), a negative displacement in the growth of this microor-
ganism can be observed for the levels HPW7 and HPW13 in

Table 7 Total aerobic plate count (APC) and log10 colony-forming units per gram of sample log10 (CFU g™%) for the microorganism Bacillus cereus,
as well as the pH, moisture, and water activity of the filloa samples at days 0, 3, 6 and 9 corresponding to the stability study

APC B. cereus pH Moisture (%) Water activity
Day 0 N/D 0.0 £0.2 6.60 = 0.01 50.7 £ 0.3 0.959 = 0.004
3 7.4 +0.3* 2.1 +0.2* 6.65 + 0.02* 48.7 £ 0.3 0.962 + 0.007
6 9.4 + 0.5* 6.6 = 0.2* 6.65 + 0.01* 49.8 £ 0.1 0.964 + 0.005
9 11.4 + 0.2% 7.8+0.3* 6.75 + 0.02* 52.2+0.2 0.906 + 0.007*
p-Value (n =12) Dunnett’s test <0.001 <0.001 <0.050 >1.000 <0.015
Type Blank 7.1+0.1 4.6 £0.2 6.69 + 0.02 50.3+0.2 0.961 + 0.004
Dye 7.2+0.2 3.4+0.2% 6.66 + 0.03 50.1+0.5 0.953 + 0.005
HPW7 6.8 £0.1* 4.1+0.2 6.71 + 0.02 50.2+0.1 0.938 + 0.007*
HPW13 7.0+0.1 4.3 +£0.3 6.59 + 0.02* 50.8 £ 0.2 0.940 + 0.007*
p-Value (n=12) Dunnett’s test >0.015 <0.001 <0.001 >0.900 <0.001

Blank: the control group; dye: the synthetic colorant; HPW7 and HPW13: addition of wet H. pluvialis at concentrations of 7% and 13%

(8microalgapw Zhour ), TESpectively. *: significant effect.
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comparison with the control group. Although H. pluvialis has
shown antibacterial potential mainly on bacteria such as
B. subtilis and E. coli, extracts of this microalga have been able
to generate a significant reduction of B. cereus.’”*® B. cereus is
known to be able to proliferate in a wide range of conditions,
with optimal pH values of growth close to 8, being able to
modulate the acidity of the culture medium.*® In parallel, it
can be maintained in media with a minimum water content of
0.93.>° Hence, comparing Fig. 7b, Fig. 8a, and Fig. 8b, one can
see the correlation between the growth of B. cereus with
increasing pH and the maintenance of water activity at values
above 0.94 in the case of the blank. In turn, a greater decrease
of the total water content by HPW7 for the last day and a
higher modulation of the pH by HPW13 in the first 3 days of
the study (0, 3 and 6) result in a potential inhibition of this
microorganism. It is important to note a total inhibition of
B. cereus growth on day 3 of the study when the food dye is
used. This inhibition is assumable due to concentrations of
E202 (potassium sorbate) used as a preservative in the com-
mercial dye. At percentages lower than 0.5%, E202 has been
shown to inhibit the growth of microorganisms such as
Bacillus subtilis and Bacillus cereus in various foods.”® At the
same time, the dye contains citric acid as an acidifier, which

Day 3

Day 6
Blank: Dye HPW 7%—— HPW 13°
(a)
Day 9
Day 6
Blank Dye Hpw7 ——Hpw13

(b)

Fig. 8 Variability of the response values (a) pH and (b) water activity at
different levels of addition in the filloas at days 0, 3, 6 and 9 corres-
ponding to the stability study. Blank: the control group; dye: the syn-
thetic colorant; HPW7 and HPW13: addition of wet H. pluvialis at con-
centrations of 7% and 13% (gmicroalgapw Griour ), respectively.
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shows a booster action in inhibiting microorganisms when
combined with stabilizers such as sorbic acid in foods.’” In
contrast, no literature has been found, which shows an inhibi-
tory power on the growth of pathogens by the individual action
of artificial colors such as E122 and E102. In contrast, the ana-
logous action of HPW7 and HPW13 for the following days (6
and 9) in relation to the dye is remarkable, without the need
to be enriched with additional stabilizers and acidifiers.

Conclusions

The ability of the microalgae H. pluvialis as a multifunctional
food ingredient for the improvement of the color, nutritional
profile, and functional properties of foods, in contrast to a
single-purpose synthetic additive, was demonstrated. The
addition of H. pluvialis wet paste generated an attractive and
homogeneous mixture, which improved the physical profile of
the food (filloa). In contrast to the unique coloring effect of
the dye in the food, a minimum level of addition of the micro-
algae wet paste (7 Zmicroalga pw 100 Zrour ') provided a total
free astaxanthin content of 2.6 pug g~ " and an esterified astax-
anthin content of 303 pg g~*, as well as an overall carotenoid
contribution of 330 pg g~ '; this increase was proportional to a
higher level of addition. Furthermore, the significant enrich-
ment of omega-6 and omega-3 essential fatty acids by adding
H. plwialis in the filloas, especially linoleic, palmitic, and
oleic acids, increased the original lipid content by 20%. In
addition to the high bioactive contribution, the microalgae
paste, through a global action, generated a long-lasting color-
ing of greater luminosity and an important modulation of the
physicochemical properties, obtaining a filloa of greater exten-
sibility and integrity than its synthetic alternative up to 6 days
after storage. On the other hand, the content of stabilizers and
preservatives present in the synthetic dye showed a high
inhibitory effect on the growth of B. cereus in the food, but was
not significant in the case of total aerobic mesophilic microor-
ganisms (TAM). At the same time, the addition of the
minimum level of the microalgae paste generated an inhibi-
tory action on TAM, as well as a significant decrease in water
activity in the filloas, thus hindering potential bacterial
growth. In addition, the incorporation of wet microalgae
biomass without drying and pretreatment steps, using its pool
of bioactive compounds, offers a promising avenue for its use
on the industrial scale.
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