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ABSTRACT

Navicula incerta is a marine microalga distributed in Baja California, México, commonly used in aquacul-
ture nutrition, and has been extended to human food, biomedical, and pharmaceutical industries due to
its high biological activity. Therefore, the study aimed to optimize culture conditions to produce antiox-
idant pigments. A central composite experimental design and response surface methodology (RSM) was
employed to analyze the best culture conditions. The medium (nitrogen-deficient concentrations), salin-
ity (PSU = Practical Salinity Unity [g/kg]), age of culture (days), and solvent extraction (ethanol, methanol,
and acetone) were the factors used for the experiment. Chlorophyll a (Chl a) and total carotenoids (T-Car),
determined spectroscopically, were used as the response variables. The antioxidant capacity was evalu-
ated by DPPH® and ABTS*" radical inhibition, FRAP, and anti-hemolytic activity. According to the overlay
plots, the optimum growth conditions for Chl a and T-Car production were the following conditions:
medium = 0.44 mol-L"! of NaNOs, salinity = 40 PSU, age of culture: 3.5 days, and solvent = methanol.
The pigment extracts obtained in these optimized conditions had high antioxidant activity in ABTS**
(86.2-92.1% of inhibition) and anti-hemolytic activity (81.8-96.7% of hemolysis inhibition). Low inhibi-
tion (33-35%) was observed in DPPH". The highest value of FRAP (766.03 + 16.62 pmol TE/g) was
observed in the acetonic extract. The results demonstrated that RSM could obtain an extract with high
antioxidant capacity with potential applications in the biomedical and pharmaceutical industry, which
encourages the use of natural resources for chemoprevention of chronic-degenerative pathologies.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Abbreviations: CP, crude protein; CL, crude lipid; RSM, response surface methodology; Chl a, chlorophyll a; T-Car, total carotenoids; PSU, salinity expressed as practical
salinity unity (g/kg); CCD, central composite design; CICECE, Centro de Investigacién Cientifica y de Educacién Superior de Ensenada; AOAC, Association of Official Analytical
Chemists; DOE, design of experiment; ANOVA, analysis of variance; FRAP, ferric reducing antioxidant power; DPPH, 1,1-diphenyl-2-picrylhydrazyl; ABTS, 2,2’-azinobis (3-
ethylbenzothiazolin)-6-sulfonic acid; AAPH, (2,2’-azobis-[2-methylpropionamidine]); RBC, red blood cells; EDTA, ethylenediaminetetraacetic; AOX, antioxidant; TE, trolox
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Ricardo Ivdn Gonzdlez-Vega, José Luis Cardenas-Lopez, José Antonio Lopez-Elias et al.
1. Introduction

The diatom Navicula incerta is the main organic matter producer
in aquaculture for use as food for various marine species (Lee et al.,
2006; Fimbres-Olivarria et al., 2016). It is also used in biomedical
and pharmaceutical areas due to its bioactive compounds
(Richmond, 2004). Light, irradiance, pH, CO,, temperature, salinity,
and nutrient availability (Lu and Zhang, 2000; Masojidek et al.
2000; Beardall et al., 2001; Lu and Vonshak, 2002) are the main
factors involved in the development of microalgae (Markou et al.,
2012). The modification of culture medium directly impacts its
reproduction, growth, and metabolic cycles (Beardall et al. 2001),
but salinity and nitrogen-deficiency are some of the most critical
environmental factors for biomass and pigment production
(Schubert et al., 1993; Krabs and Buchel, 2011). The microalgae
exposed to these factors present physiological changes in metabo-
lite content (Krell et al., 2007; Kumar et al., 2010) and photosyn-
thetic efficiency (Rijstenbil, 2005). The photosynthetic pigment
composition and relative concentration are highly related to devel-
opment under these factors (salinity and low-nitrogen medium)
(Schubert et al., 1993, Liang et al., 2014). On the other hand, caro-
tenoid concentration has been observed to increase in a low-
nitrogen medium. However, there is a lower concentration of cells
with higher carotenoids content, mainly carotenes (Lopez-Elias
et al., 2013; Garcia-Morales et al., 2020). These physiological
changes have been observed in diatoms (Radchenko and Il'yash,
2006; Krabs and Buchel, 2011), increasing the synthesis of photo-
synthetic pigments. These facts indicate that N. incerta could be a
good source of antioxidant compounds that could be applied in
the functional food field with benefits to human health due to its
biological activity (Kyong-Hwa et al., 2011), such as the antioxi-
dant capacity, and this characteristic is important for consumption
in the human food market.

A further increase in the photosynthetic pigments could be
obtained by optimizing the growing conditions that better stimu-
late the synthesis of carotenoids and chlorophylls. For this, alterna-
tive methods are being used to maximize the production of these
compounds. The statistical optimization process arises from an
experimental perspective to establish the best microalgae culture
conditions (Xin et al., 2010; Calderon et al., 2016). Optimization
is essential for the aquaculture industry because it reduces costs
and time for production. It is also used to select the best criterion
from a set of factors that use different statistical methodologies
(Athmouni et al.,, 2017; Li et al., 2017). Response surface method-
ology (RSM) is used to obtain the maximum optimized level of
important factors through screening or factorial designs, mainly
if the curvature of response is found (Bezerra et al., 2008;
Saurabh et al., 2016). Unlike factorial designs, the curvature is
obtained by second-order polynomial equations of the factors pre-
sent in the RSM models, with changes in the variables that affect
curvature, getting in that way a complete scan of the responses
studied (Chih Wei et al., 2017). This quadratic model fits the cen-
tral composite design (CCD), used in a sequential experiment with
an adequately planned factorial design. These advanced statistical
techniques were used to optimize the synthesis of antioxidant
compounds, improve their performance, and their antioxidant
activity (Laokuldilok et al., 2016).

The primary metabolites present in microalgae are photosyn-
thetic pigments such as chlorophylls and carotenoids. They can
donate electrons to stabilize reactive oxygen species due to the
presence of a chromophore, which consists mainly of a chain of
conjugated double bonds easily oxidizable, responsible for a vari-
ety of colors (yellow, orange, and red, among others). The pigments
(chlorophylls and carotenoids) have a high free radical-scavenging
capacity related to preventing of chronic degenerative diseases

1402

Saudi Journal of Biological Sciences 28 (2021) 1401-1416

(Richmond, 2004; Gagez et al., 2012). Currently, the study of
microalgae pigments has increased considerably due to their high
biological activity. B-carotene, astaxanthin, and fucoxanthin are
the main pigments present in different microalgae (Dunaliella sp,
Cyanophora paradoxa, Tetraselmis chuii, and Haematococcus pluvi-
alis) with high antioxidant activity (Gagez et al., 2012; Li et al,,
2017; Widowati et al., 2017). One of the main potential antioxi-
dants is astaxanthin from Haematococcus pluvialis, which consider-
ably reduces ROS in melanocytes caused by UV radiation,
preventing the appearance of skin cancer. In recent studies, pep-
tides and stigmasterol from N. incerta, have shown strong biologi-
cal potential. They act as scavengers of superoxide and hydroxyl
radicals and significantly reduce liver cancer tumors (Kyong-Hwa
et al,, 2011). However, photosynthetic pigments have not been
studied yet in N. incerta. This study is the first report to describe
a pigment and its antioxidant activity. Besides, the use of advanced
optimization tools in health could give added value to research.
Therefore, this study aimed to optimize growing conditions for pig-
ment production (carotenoids and chlorophylls) from microalga
Navicula incerta at different culture conditions (salinity and low-
nitrogen medium) using response surface methodology and
antioxidant capacity, stimulating better carotenoids and chloro-
phylls synthesis by salinity and low-nitrogen medium as environ-
mental factors.

2. Materials and methods
2.1. Microalgae strain

The diatom N. incerta was obtained from Centro de Investigacion
Cientifica y de Educacién Superior de Ensenada (CICECE), Baja Califor-
nia, México. The diatom was cultivated at different salinities (25,
35, 45, and 55 PSU = Practical Salinity Unity, that are units to char-
acterize the concentration of dissolved mineral salts (g) in a body
of water (kg)) and nitrogen-deficient concentrations (0.22, 0.44,
and 0.88 mol-L"! of NaNO3) in 1L flasks with a 700 mL volume of
culture. The culture medium was kept at pH 7.0 with constant aer-
ation for better homogenization. Continuous light (24 h) was
applied by light-emitting diode lamps (LED) electronically regu-
lated for handling the desired intensity. White wavelength (400-
750 nm) was used to an intensity of 100 wmol photon/m?/sec. A
quantic spherical sensor Li-Cor 193SA was used to measure irradi-
ance and wavelength. The F/2 (0.88 mol-L'! of NaNO; at 35 PSU)
medium from Guillard and Ryther (1962) was employed as a con-
trol medium, composed mainly of nitrates (75 g L!), phosphates
(5 g L), silicates (30 g L), trace metals (22.81 g 100 mL™!) and
vitamins (1.1 g L'"). This medium is the most used for microalgae
culture in aquaculture. To analyze the growth kinetics, the experi-
mental culture media were subjected to stress conditions (nitrogen
deficiency and different salinities): F/2 (0.88 mol-L-1 of NaNOs at
25, 45, and 55 PSU), F/4 (0.44 mol-L™! of NaNO; at 25, 35, 45, and
55 PSU), and F/8 (0.22 mol-L™! of NaNO; at 25, 35, 45, and 55 PSU).

2.2. Effect of culture conditions on biomass production

The effect of different variables on culture conditions was
observed. The results obtained from growth kinetics, biomass
yields, and chemical composition showed the behavior under cel-
lular stress conditions for biomass production.

2.2.1. Growth kinetics

Growth kinetics was determined every 24 h for six days by cell
concentration using a Neubauer chamber (0.1 mm deep) in an
optical microscope (Olympus CX43 microscopy Europe). The data
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generated were analyzed with the following equation (1)
(Richmond, 2004):

<#%”5> +10000 =

Mean growth rates () were estimated based on the following
formula: mean growth rate p = Log,B,- Log,Bo/(ty-to). Where B,
and By are the cell concentration determined on times t, and to.
The initial cell concentration was 70 x10° cellmL™' for all
experiments.

#

Cells
; (1)

m

2.2.2. Biomass yields and chemical composition

Biomass yield was determined by weighing the total cultivated
biomass collected after lyophilization (Yamato Scientific CO., LTD.
Japan). First, the biomass was harvested at the end of the exponen-
tial phase and washed with sodium formate to remove the salt for
each treatment tested. Later, the entire culture was lyophilized.
The chemical composition of the biomass microalgal was evaluated
at the end of the exponential phase. The crude protein (CP) was
determined by the copper catalyst micro-Kjeldahl nitrogen
(AOAC, 2000; method 955.04). The nitrogen-to-protein conversion
factor used to estimate the percentage of CP was 4.78, as suggested
by Lourenco et al. (2004). For determination of the lipid concentra-
tion, an amount of 0.5 g of microalgal sample was used. The crude
lipid (CL) was extracted under a Soxhlet automated system device
(model 2050, FOSS North America, USA) with 33 x 80-mm extrac-
tion thimbles by ether (100 mL) at 150 °C for 82 min. In this case,
the extraction was finished after 4 extraction cycles have been
completed (approximately 90 min). Finally, CL content was deter-
mined gravimetrically after oven-drying (105 °C) the lipid extract
(AOAC 1997, method 920.85). For ash determination, the sample
(1 g) was burned in a muffle at 550 °C for 24 h. The ash content
(AOAC 2000, method 920.153) was estimated as the difference
between the dry weight and the ash. The carbohydrate content
was estimated by difference, as suggested by Tibbetts et al. (2014).

2.3. Generation of the optimization matrix and model prediction
performance

The optimization matrix and model prediction were generated
using the statistical package JMP version 9.0.1 for Mac (SAS Insti-
tute Inc., NC, U.S.A). Here, the statistical tool DOE (design of exper-
iments) was applied to improve the pigment production process
and reduce its variability to identify the response variables changes
through a central composite experimental design. Hence, this sec-
tion analyzed the optimum processing conditions that provide the
best pigment production (Sorokin, 1973; Agcam et al., 2017).

2.3.1. Experimental design and statistical optimization

A central composite design (CCD) of four factors and three levels
for each factor was used. The independent variables were culture
medium (0.22-0.88 mol-L'of NaNOs), salinity (25-55 PSU [g/
kg]), age of culture (1-6 days), and solvent type (acetone, metha-
nol, and ethanol). The response variables in the culture condition
were chlorophyll a (Chl a) and total carotenoids (T-Car). This
experimental design will define which experiments should be car-
ried out in the experimental region studied (Hanrahan and Lu,
2006). The control was performed with the following condition:
medium = 0.88 mol-L'of N, salinity = 35 (PSU), and age of culture
(harvested at the end of the exponential phase, 3.5 days). This
methodology is based on the experiment (DOE) to carry on opti-
mize growing conditions for pigment production. The CCD was
based on second-order polynomial equations for each response.
The results were based on the following equation (2) (Almeida
et al.,, 2008; Altan et al., 2008).
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k-1
Y= B3y Xt Yo B DS B ey 2)
1
where Y represents the response function; j, is a constant coeffi-
cient (origin); f;, B, and f; are the coefficients of the linear equa-
tion; k is a number of variables and e; is the experimental error or
residual.

The CCD drew an optimization matrix, where all data obtained
from the response variables were recorded. Also, as part of the sta-
tistical support, an analysis of variance (ANOVA) was performed
with a confidence level of 95%. A backward regression analysis
was applied to remove non-significant factors (p > 0.05) from the
second-order polynomial equation. Later, the final predictive
model presented an equation for each response variable (Altan
et al., 2008).

2.3.2. Response surface methodology (RSM)

RSM was applied to determine the best conditions for pigment
production with response variables chlorophyll a and total carote-
noids to optimize the process (Myers et al., 2009). Superposition
surface methodology was applied to achieve the optimization tech-
nique and generate a response surface plot. The optimization
matrix and response surface plot were generated using JMP version
9.0.1 for Mac (SAS Institute Inc., NC, U.S.A) statistical package. This
methodology was used to define the minimum and maximum lim-
its and the experimental variables studied. Validation of the opti-
mization model was performed according to the estimated
processing values obtained by CCD. The optimized treatment was
used to perform the antioxidant capacity assays of three different
extracts of N. incerta.

2.3.3. Pigment extraction and quantification of N. Incerta

The biomass was harvested under the specific conditions
obtained by the optimization matrix. Subsequently, methanolic,
acetonic, and ethanolic pigment extracts were obtained using
0.1 g of the dry weight of lyophilized biomass and resuspended
in 10 mL of the solvent. The pigment extraction was assisted by
ultrasonic pulses (Generator ultrasonic pulses Branson Digital
Sonifier Qsonica, LLC. E.U.A.). These were done at 400 w,
500 mHz, and 15 s per pulse at an amplitude of 30%, and then it
was placed in constant agitation for 1 h in darkness. The super-
natant was recovered by centrifugation at 4000 x g for 20 min at
4 °C. Later, it was concentrated in a rotary evaporator (Laborata
4000 Heidolph. Germany) at 45-50 °C. The resulting extract was
re-suspended in each solvent (acetone, methanol, and ethanol) at
the final concentration of 10 ug of pigment-mL~'. The absorption
spectral of 300 pL of each extract was measured in a 96-well
microplate reader (UV-Vis spectrophotometer, Thermo Fisher Sci-
entific Inc. Multiskan GO, NY, USA). The quantification (pg/mL) of
Chl a and T-Car of N. incerta extracts (acetonic, methanolic, and
ethanolic) was determined according to Jeffrey and Humphrey
(1975) and Lichtendthaler and Welburn (1983) using the following
equations (Eq (3)):

Acetone

Chla = 1].47A554 — 0.64A630

T — Car = (1000A470 — 2.276C, — 81.4C,,) /227
Methanol
Ca = 15-65A666 - 7-34A653

Cy, = 27.05A653 — 11.21A666

Cuic = (1000A470 — 2.86C, — 129.2C;) /221
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Ethanol
Cy = 13.95A¢65 — 6.88A649

Cy = 24.46A649 — 7.32A¢65

Csc = (1000A47 — 2.05C, — 114.8C,)/245 3)

where, Chla = chlorophyll a; T — Car = total carotenoids and
A = absorbance.

2.4. Antioxidant capacity study

The antioxidant capacity assay was determined in methanolic,
acetonic, and ethanolic pigment extracts, adjusting their solids to
a final concentration of 780 ng of pigment-mL~!. From these
extracts the measurements of Ferric reducing antioxidant power
(FRAP); 1,1-diphenyl-2-picrylhydrazyl (DPPH); 2,2’-azinobis (3-et
hylbenzothiazolin)-6-sulfonic acid (ABTS), and Anti-hemolytic
assays were made.

2.4.1. FRAP assay

The reducing power of pigment was determined using the FRAP
assay described by Benzie and Strain (1996), with some modifica-
tions. The stock solutions were sodium acetate buffer (300 mM, pH
3.6), FeCl; (20 mM) and TPTZ (2,4,6-tripyridyl-s-triazine) solution
(10 mM) in HCI (40 mM). The FRAP working solution was prepared
in a relation 10:1:1 (Buffer:FeCl3:TPTZ). A volume of 20 pL of each
extract was combined with a 280 pL FRAP solution and placed in a
microplate reader (Thermo Fisher Scientific Inc. Multiskan GO, NY,
USA). The increase in absorbance at 638 nm was monitored every
10 min for 40 min. A TroloXs curve was made, and the results were
expressed as pwmol TE/g of dry sample. Trolox (antioxidant stan-
dard) is a synthetic compound similar to vitamin E that preserves
antioxidant capacity. It is commonly used in biochemical applica-
tions to reduce oxidative stress. Trolox equivalent antioxidant
capacity is an average of the Trolox-based antioxidant power mea-
sured in units called Trolox equivalents. These units help to under-
stand the antioxidant capacity of an unknown sample.

2.4.2. DPPH free radical scavenging activity

The DPPH- free radical was prepared in methanol (6 x 107
mol-L"), and an aliquot of 200 pL of this solution was combined
with 20 pL of each pigment extract. The decrease in absorbance
was determined at 515 nm for 30 min under the darkness. All
determinations were carried out in triplicate. The results were
reported as % of inhibition according to the equation (4). Addition-
ally, the half-maximal inhibitory concentration (ICso) was obtained
(Brand-Williams et al., 1995).
%ofInhibition = {1 —’%} x 100 4)

C

where, A; is the absorbance of the extract mixed with DPPH- radical,
A, is the absorbance of the extract without radical, and A. is the
absorbance of the control.

2.4.3. ABTS free radical scavenging activity

The preformed radical monocation of ABTS®" was generated
according to Re et al. (1999). ABTS salt was weighed (19.3 mg)
and dissolved in distilled water (5 mL). An amount of 88 pL from
a solution of K3S,05 (0.0378 g/mL) was added to ABTS solution
and leaving the mixture for 12 h at room temperature in the dark.
The ABTS*" solution was diluted with ethanol to an absorbance of
0.700 £ 0.05 at 734 nm for measurements. Afterward, 270 pL of the
free radical solution was combined with 20 pL of each pigment
extract. The absorbance was measured at 734 nm after 30 min of
incubation at room temperature in the dark. Antioxidant activity,
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expressed as % of inhibition, was calculated using equation (4).
Moreover, the half-maximal inhibitory concentration (ICso) was
obtained.

2.4.4. Anti-hemolytic activity

Before performing the anti-hemolytic activity, it is necessary to
do a Venipuncture and arrangement of red blood cells (RBC)
suspension. All processes using human blood were performed
following the Mexican (NOM-253-SSA1-2012) and international
(FDA: CFR - Code of Federal Regulations Title 21, part 640 Addi-
tional Standards for human blood and blood product, Support. B
Red blood cells, Sec. 640.14 Testing the blood [21CFR640.14])
regulations. The laboratory where the sample was treated is
accredited by ISO-IEC 17,025 (NMX-EC-17025) and ISO 15,189
elaborated by technical committee ISO/TC 212 (Clinical Laboratory
Testing and In vitro Diagnostic Systems) taking as reference I1SO/
IEC 17,025 and ISO 9001. The erythrocytes were collected from
healthy adult volunteers of 28-31 years old with prior consent
obtaining each onés informed consent and using RBC with the
venipuncture technique using a sterile vial containing anticoagu-
lant (EDTA). The erythrocyte suspension was prepared at 10%.
The suspension was centrifuged at 2000 x g for 10 min and washed
three times with isotonic solution. RBC suspension was used to
evaluate the anti-hemolytic activity and protective effect from
extracts of N. incerta. Therefore, the experiments with erythrocytes
are used as a cellular model and do not focus on the volunteers as
an object of study.

To perform anti-hemolytic activity, firstly the hemolysis was
induced by AAPH (2,2’-azobis-[2-methylpropionamidine]) radical
according to the methodology of Lu et al. (2010) with some modi-
fications. The globular package was separated from the plasma by
centrifugation at 2000 x g for 10 min at 4 °C. The erythrocytes
were washed three times with phosphate-buffered saline (PBS)
pH 7.4. Afterward, a suspension of erythrocytes was prepared in
PBS with a ratio of 5:95 (v/v). A mixture containing 100 puL of the
erythrocytes, 100 pL of the AAPH radical and 100 pL of each extract
(780 pg of pigment-mL~") was incubated at 37 °C for 3 h with con-
tinuous shaking (30 rpm). Subsequently, 1 mL of PBS was added
and centrifuged at 2000 x g for 10 min at 4 °C. Suspension of ery-
throcyte and AAPH with erythrocytes were taken as controls. The
supernatant was read at 540 nm on a 96-well microplate. The half
maximal-inhibitory concentration (ICso) was determined following
Lu et al. (2010) procedure. The percentage of hemolysis inhibition
(% HI) was obtained from the equation (5):

AAPH1 — HS

%HI:( ADE >x100 (5)

where AAPH; is the optical density of the hemolysis caused per rad-
ical AAPH, and HS is the optical density of the hemolysis inhibition
by each treatment.

The morphological change of RBC and protective effect of the
pigment extracts was assessed by optical microscopy. This evalua-
tion is performed after anti-hemolytic activity. The samples were
taken immediately after reading the supernatant to obtain the per-
centage of hemolysis inhibition. The supernatant of the erythrocyte
suspension was discarded after reading. The pellet (the globular
package) was re-suspended at 50 pL of fresh plasma. Afterward,
a drop of the treated blood samples was spread on a slide to create
a single RBC film layer. Then, to observe the damage at the cellular
membrane, the samples were stained with Wright stain. Later, the
morphological changes were observed at 100x with an Eclipse FN1
microscope and capture in an image software NIS-Elements F. The
result was compared with different controls: healthy erythrocytes,
healthy erythrocytes with radical AAPH (v/v) and autoimmune
hemolytic anemia were kindly provided by the Hematology
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Laboratory of Biological Sciences Department from the University
of Sonora, Mexico.

2.5. Statistical analysis

The experimental results were expressed as means + standard
deviation (n < 3). The two-way ANOVA was applied to evaluate
the significant differences (Tukey post hoc test at a confidence
level of P < 0.05) between different chemical composition vari-
ables. The CCD matrix and response surface plots were generated
using JMP version 9.0.1 for Mac (SAS Institute Inc., NC, U.S.A).
One-way ANOVA was applied to evaluate the significant differ-
ences at a p < 0.05 (Tukey test) confidence level by the antioxidant
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activity. Linear regression was used to measure the percentage of
inhibition for the antioxidant activity.

3. Results
3.1. Growth kinetics

Fig. 1 shows the typical growth kinetic by the effect of the dif-
ferent factors and their respective levels. N. incerta shows a sig-
moidal behavior in the different treatments, responding favorably
to its growth (Fig. 1A, B, and C). In F/2 (Fig. 1A), F/4 (Fig. 1B), and
F/8 (Fig. 1C) medium, the highest growth was found in the most
saline medium (55 PSU), reaching its maximum cell density at 4,
5, and 3 days, respectively. The order of the mediums with maxi-
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Fig. 1. Effect of different nitrogen-limited concentrations medium and salinity level on growth kinetic, cell density, and growth rate of N. incerta. (A) Growth kinetic of N.
incerta in medium F/2 (0.88 mol-L! of N), (B) in medium F/4 (0.44 mol-L! of N), (C) in medium F/8 (0.22 mol-L™! of N). (D) Maximum cell concentration and growth rate of N.
incerta in medium F/2 (0.88 mol-L™' of N). (E), in medium F/4 (0.44 mol-L" of N), (F) in medium F/8 (0.22 mol-L™' of N). PSU = Practical Salinities Unity (g of dissolved salts/kg of
water). The maximum cell concentration considered in D, E and F was for F/2 (day 4), F/4 (day 5), and F/8 (day 3), where these data correspond at the maximum increase
during the growth period for each case. Each data point corresponds to the average of 3 determinations (n > 3), and error bars correspond to the standard deviation.
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mum cell density was F/8 > F/4 > F/2. The cell concentration of
688,750 + 29,509 cell-mL~! was the highest obtained by the F/8
medium. The main growth rate in F/2 (Fig. 1D) and F/4 (Fig. 1E)
medium did not significantly differ at 35, 45, and 55 PSU. While
in the F/8 (Fig. 1F) medium, presented main growth rate of 1 div
day ! at 35 and 55 PSU., resulting in a rapid replication rate.

3.2. Biomass yields and chemical composition

The biomass yields increase at hypersaline conditions (55 PSU)
in the three-culture medium (F/2, F/4, and F/8) with 123, 129, and
135 mg-L™!, respectively (Fig. 2) showing significant differences
(p < 0.05). Therefore, nitrogen concentration did not play an impor-
tant role in biomass yield, unlike salinity. The chemical composi-
tion is directly affected by the combination of these factors
(Table 1). In the most N-limited media, protein concentration
decreases, especially in the F/4 and F/8 media. Carbohydrates
increased at the F/2 and F/4 media at high salinity concentration
(45 and 55 PSU), while at N-limited level (F/8) only at low salinities
(25 PSU). The lipid concentration was affected only in the highest
salinity (55 PSU) at the F/2 and F/4 media, decreasing its content,
while in the other treatments it remained in similar concentra-
tions. Salinity at 45 PSU in F/4 medium showed a decrease of ash
(28.90 + 1.64%), but an increase (49.90 + 5.20%) at 55 PSU. Protein
(28.90 * 1.75%) was significantly high (p < 0.05) in the medium F/2
at salinities at 25 PSU. The highest concentration of lipids (30.45
+ 0.83%) was detected in the medium F/4 at 45 PSU. The amounts
of lipids varied, and a significant (p < 0.05) reduction in this
metabolite concentration was observed at 55 PSU. The highest

150+

o e ¥ mm 25 PSU
T 125+ b & b b T b
%0 b & b T B 35 PSU
:E« 100+ p = 45 PSU
T 75+ 55 PSU
-
A
< 50+
g
§ 25+

0-

F/2 F/4 F/8

Fig. 2. Biomass yield (mg-L™' of culture medium) of different culture conditions. The
microalga was harvest at the end of the exponential phase. A different letter for
each medium represents a significant difference (P < 0.05, one-way ANOVA per
medium). Error bars correspond to standard deviation of triplicate cultures (n > 3).

Table 1
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value for carbohydrates (25.81 + 2.66%) was observed in the med-
ium F/2 at 55 PSU.

3.3. Central composite design and response surface methodology

Central Composite Design (CCD) matrix to statistical optimiza-
tion of pigment production was calculated using JMP statistic soft-
ware shown in Table 2. The experimental model used resulted in a
second-order polynomial equation for each variable, representing
the production of pigments as an effect of a combination of differ-
ent factors for optimization of culture conditions. Besides, it is
showing the support of the statistical model as a validation model.
The effect of the four factors on the dependent variables is shown
below.

3.4. Statistical optimization and response surface methodology on the
chlorophyll a production

The validation model, presented as the second-order equation
coefficients for prediction models for Chl a production, analysis
of variance (ANOVA), lack of fit, and parameters estimate values,
is shown in Table 3. Herein, the relationship is presented, and
the effect among the processing factors and the culture condition
for pigment production. ANOVA was performed to validate the
equations of the quadratic models used for Chl a production. The
analysis of parameter estimates showed that the four variables
studied were the processing variables that most affected the Chl
a production in linear terms (P < 0.0001). As for quadratic terms,
only (day)? was significant (P < 0.0001), as evidenced by their
low p-value. The interaction factors (Medium*Salinity), (Medium®*-
day), (Medium*Solvent) are significant (P < 0.0001) to evaluate the
concentration of Chl a.

The model shows a not significant “lack of fit” (p > 0.05) that
indicates no lack of adjustment in the model, which is favorable
in the study. In a report made by Dahmoune et al. (2014), they
observed that the small p-value in ANOVA (P < 0.001) indicates
that the model can be used to optimize the growth condition vari-
ables, as shown in our study. The model fitting and second-order
polynomial equations of Chl a in terms of coded factors is pre-
sented in Equation (6):

Chla = 0.6762 + (—0.0586),, + 0.0263,, + 0.1426,3
4 0.013944 + 0.0076,1x2 + (—0.0585),,3
+(—0.0456),,,5 + 0.032,5,3 + (—0.0036),,,,
+(=0.017),3.4
+0.0084,,:+(-0.0766),,.4-0.0122, ;. +(-0.0036), .
+ error

(6)

Effect of different N-limited media and salinity level on chemical composition of N. incerta.

Media Salinity (PSU) Ash (%) Protein (%) Lipids (%) Carbohydrates (%)
F/2 25 349 + 3.3 9¢ 289+1.72 26.3 £0.8° 97+19¢
35 496 £0.6° 19.8+049 255 +0.1° 50+08°¢
45 34,6 + 0.6%¢ 223 + 04° 21.8 £ 1.6 21.3+1.2°
55 33.1+1.3¢ 24.7 +1.9°¢ 163+16¢ 25814267
Fl4 25 39.6 + 1.7><d 25.8 + 0.4°¢ 24.6 +0.3° 98+0849
35 499+08° 16.8 0.9 25.1£0.3° 8.0+0.3°
45 289+16°¢ 26.7 + 1.3 304 +0.8? 13.9+19¢
55 499+52° 22.3 + 0.4° 154+0149 12321949
F/8 25 38.7 + 1.4><d 20.8 + 1.0%4 204 +0.1¢ 20.0 09"
35 445 +1.0°P 12584048 26.3 £0.1° 16.6 + 1.0°
45 454 +£3.12P 14.8 + 1.7° 223 £0.2¢ 17.3 £ 1.7¢
55 427 +1.42b< 16.6 + 0.1 222 +0.1° 18.3 + 1.6¢

Values are mean * standard deviation of at least three repetitions (n > 3). Means followed by different lowercase letter in a same column are different at a significance level of

0.05. PSU = Practical Salinities Unity (g/kg).
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Table 2

Saudi Journal of Biological Sciences 28 (2021) 1401-1416

Central Composite design (CCD) matrix. Optimization of pigment production from microalgae N. incerta.

Experimental variables Responses Predicted Responses
Run Pattern X; (Medium) X, (Salinity) X3 (Day) X4 (Solvent) Chl a pg-mL™! T-Car pg-mL™" Chl a pg-mL™! T-Car pg-mL™!
1 ++—+ 3 55 1 3 0.381 0.114 0.458 0.168
2 00a0 2 40 1 2 0.458 0.139 0.546 0.205
3 +H+— 3 55 6 1 0.734 0.232 0.760 0.218
4 —_ 1 25 1 1 0.391 0.098 0.407 0.125
5 000A 2 40 3.5 3 0.631 0.225 0.686 0.208
6 [ 3 25 1 1 0.559 0.054 0.483 0.018
7 0a00 2 25 3.5 2 0.444 0.144 0.573 0.201
8 +——t 3 25 1 3 0.507 0.154 0.461 0.102
9 A000 3 40 3.5 2 0.631 0.229 0.626 0.246
10 a000 1 40 3.5 2 0.737 0.266 0.743 0.242
11 00AO0 2 40 3.5 2 0.918 0.347 0.831 0.275
12 ———t 1 25 1 3 0.570 0.156 0.567 0.153
13 —+—+ 1 55 1 3 0.633 0.191 0.534 0.166
14 ——t— 1 25 6 1 0.832 0.279 0.779 0.209
15 000a 2 40 6 1 0.713 0.180 0.658 0.191
16 i 1 55 6 1 0.866 0.088 0.888 0.158
17 +—+— 3 25 6 1 0.546 0.173 0.621 0.216
18 +H++ 3 55 6 3 0.696 0.233 0.655 0.224
19 0A00 2 55 3.5 2 0.754 0.271 0.626 0.208
20 +—++ 3 25 6 3 0.546 0.173 0.531 0.179
21 —t+—— 1 55 1 1 0.349 0.118 0.388 0.095
22 +—— 3 55 1 1 0.490 0.050 0.494 0.041
23 —+++ 1 55 6 3 0.866 0.088 0.965 0.107
24 0000 2 40 3.5 2 0.678 0.240 0.676 0.248
25 0000 2 40 3.5 2 0.678 0.240 0.676 0.249
26 ——++ 1 25 6 3 0.900 0.089 0.872 0.116
27 *“Control 1 35 3.5 2 0.687 0.243 0.253 0.217
28 “oT 2 40 3.5 2 0.891 0.369 0.856 0.321

Chl a = Chlorophyll a. T-Car = Total carotenoids.

Media: (1) F/2 = 0.88 mol-L™!, (2) F/4 = 0.44 mol-L™!, (3) F/8 = 0.22 mol-L™! of nitrogen concentration. Salinity = PSU (Practical salinity Unity [g/kg]). Solvent: (1) Acetone, (2)

methanol, (3) ethanol. g

" Control: 0.88 mol-L™" of nitrogen; 35 PSU, measured at the end of the exponential phase and extracted with methanol.
" OT (Optimized treatment): 0.44 mol-L! of nitrogen; 40 PSU, 3.5 and extracted with methanol.

Table 3

Coefficients of the second order equations, prediction models for chlorophyll a production.

Analysis of variance

Source of variation DF Sum of squares
Model 14 0.58
Error 11 0.10

C. Total 25 0.68
Lack of Fit

Lack-of-Fit 10 0.10
Pure Error 1 0.00
Total Error 11 0.10
Parameter estimates

Source DF Coefficient
Interceptor 1 0.680
X, (Medium: 1,3) 1 ~0.059
X5 (salinity: 25,55) 1 0.026
X3 (Day: 1,6) 1 0.140
X4 (Solvent: 1,3) 1 0.013
X2 (Medium*Medium) 1 0.008
X% (salinity*salinity) 1 —-0.077
X3 (Day*Day) 1 0.012
X3 (Solvent*Solvent) 1 —0.004
X; X5 (Medium*Salinity) 1 0.008
X1 X3 (Medium*Day) 1 —0.059
X; X4 (Medium*Solvent) 1 —0.046
X, X3 (Salinity*Day) 1 0.032
X, X4 (Salinity*Solvent) 1 —0.004
X3 X4 (Day*Solvent) 1 -0.017

Mean Square F-Value P-Value
0.04 4.447
0.01 Prob > F P <0.001
0.0087
0.10 Prob > F P>0.10
0.00
Standard error F-Value P-Value
0.038 18.96 < 0.0001*
0.022 15.83 < 0.0001*
0.022 62.89 < 0.0001*
0.022 673.3 < 0.0001*
0.022 1.22 0.2939
0.060 0.14 0.5546
0.060 0.08 0.7753
0.060 40.04 < 0.0001*
0.060 0.06 0.1213
0.024 38.59 < 0.0001*
0.024 51-16 < 0.0001*
0.024 -1.89 < 0.0001*
0.024 133 0.0003**
0.024 42.04 < 0.0001*
0.024 7.04 0.0010**

Fig. 3 shows the three-dimensional plot of the response vari-
ables obtained to model the curvature of the different responses
directly affected by the independent variables. The maximum val-
ues are presented during logarithmic phases for all treatments, and
all the studies showed a maximum point of around 40 PSU. Chloro-
phyll a showed the highest production, where the interaction
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between day-medium was significant (Fig. 3C), unlike the other
interactions. Fig. 3A, B, and C show the maximum point outside
the study area on the surface. That indicates that the study range
was not satisfactory in the limits used to reach its optimum point.
Besides, medium, salinity, and age of culture (day of harvest) were
affected by the production of Chl a. The control surface plot



Ricardo Ivdn Gonzdlez-Vega, José Luis Cardenas-Lopez, José Antonio Lopez-Elias et al.

ngmL

o

chiorophyl! 2

ol

2
E £
=) (=]
=4
= ©
© P
B £
s q
<) o
o) o
" £
O

o

Fig. 3. Effects of the processing factors on chlorophyll a production: (A) Salinity
treatment).

(Fig. 3D) were similar to Fig. 3A. both were affected by the
medium-salinity factor, showing approximate values (0.74 pg of
Chl a-mL™"). Fig. 3B (0.84 ug of Chl amL™") and C (0.96 ug of Chl
a-mL™!) exceeding the values shown by the control (0.74 ug of
Chl a-mL™1). The effect of the salinity-medium (Fig. 3A) and day-
salinity (Fig. 3B) factors on the results of the chlorophyll concentra-
tion, including the control treatment (salinity-medium, Fig. 3D),
showed the point maximum at a salinity of 40 PSU.

According to the results presented in Table 2, the treatment at
F/8 medium, 55 PSU, the first day of age of culture extracted with
ethanol shows the least producing Chl a (0.381 pug-mL~"). The main
factor that affected Chl a was the age of culture. On the first day,
the microalga cells are found in the adaptation phase.

3.5. Statistical optimization and response surface methodology on the
total carotenoids production

Table 4 presents the ANOVA, lack of fit, and parameter esti-
mates by the second-order equation coefficients to prediction
models for total carotenoid production. ANOVA shows the effects
of the processing factor that had the most significant effect: salin-
ity (P < 0.0001), day (P < 0.0001), solvent (P < 0.0001) and medium
(P < 0.0006). The model for T-Car production shows a not signifi-
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cant “lack of fit” (p > 0.05) that indicates no lack of adjustment
in the model. The model fitting and second-order polynomial equa-
tions of T-Car in terms of coded factors is presented in Equation

(7):

T — Car = 0.249 + 0.0022,; + 0.0036,, + 0.0349,3; + 0.0084,4
+ 0.0133)(1)(2 + 0~0286X1X3 + 0.014X1X3
+(=0.0053) 5 + 0.0106,3,4 + (—0.0303) 5,4

+0.0039,,2+0.0439,,,+0.0083 ;2 + (—0.0489), 2
-+ error

7)

The values obtained from this model are between 0.05 and
0.369 ug-mL~! (Table 2). The maximum concentration of T-Car is
presented during logarithmic phases. The values obtained in this
model have a maximum point at 40 PSU. The factor that had the
most significant effect was salinity (P < 0.0001). On the other hand,
the interaction between solvent and salinity presented the opti-
mum point on the response surface (Fig. 4B). Fig. 4 A, C, and D (con-
trol) show the maximum location inside the study area on the
surface. That indicates that the study range was satisfactory. i.e.,
the maximum points of the surface of each interaction were opti-
mized. The significant interactions between day-salinity and
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Table 4

Saudi Journal of Biological Sciences 28 (2021) 1401-1416

Coefficients of the second order equations, prediction models for total carotenoids production.

Analysis of variance

Source of variation DF Sum of squares
Model 14 0.11
Error 11 0.04

C. Total 25 0.15
Lack of Fit

Lack-of-Fit 10 0.04
Pure Error 1 0.00
Total Error 11 0.04
Parameter Estimates

Source DF Coefficient
Interceptor 1 0.248
X; (Medium: 1,3) 1 —0.002
X (salinity: 25,55) 1 0.003
X3 (Day: 1,6) 1 0.034
X4 (Solvent: 1,3) 1 0.008
X} (Medium*Medium) 1 —0.004
X3 (salinity*salinity) 1 —0.044
X3 (Day*Day) 1 —0.008
X3 (Solvent*Solvent) 1 —0.049
X X3 (Medium*Salinity) 1 0.013
X; X3 (Medium*Day) 1 0.029
X; X4 (Medium*Solvent) 1 0.014
X3 X3 (Salinity*Day) 1 —0.005
X3 X4 (Salinity*Solvent) 1 0.016
X3 X4 (Day*Solvent) 1 —0.032

Mean Square F-Value P-Value
0.07 2.105
0.03 Prob > F P < 0.001
0.1102
0.04 Prob > F P>0.10
0.00
Standard error F-Value P-Value
0.024 6.78 < 0.0001*
0.014 7.51 0.0006**
0.014 26.85 < 0.0001*
0.014 457.75 < 0.0001*
0.014 46.01 < 0.0001*
0.038 3.63 0.0003**
0.038 24.22 < 0.0001*
0.038 5.1 0.0234***
0.038 -1.30 0.0320***
0.015 17.46 < 0.0001*
0.015 43.92 < 0.0001*
0.015 41.96 < 0.0001*
0.015 4.08 0.0436***
0.015 525 0.0055**
0.015 15.99 < 0.0001*

solvent-salinity affected the production of T-Car. Fig. 4A shows an
increase in 5.8 days, and the optimal point would be found. Fig. 4 B
presented a rise in six days, but it could be increased more if the
culture is maintained for more days (12-14) to find the optimal
point. All experimental treatments were superior to the control.
The control surface plot (Fig. 4 D) was similar to Fig. 4 C, both were
affected by the solvent-salinity factor, showing values of 0.74 pg of
T-Car -mL~" and 0.24 pg of T-Car-mL~', respectively. The treatment
at F/8 medium, 55 PSU, the first day of age of culture and extracted
with ethanol, shows the minor producing T-Car (0.050 pg-mL™").
The unfavorable culture conditions for carotenoids were the same
as for Chl a. However, there was a decrease in the T-Car concentra-
tion of 83.5% between the best culture and the Ilowest
concentration.

3.6. Model validation by the coefficients of determination

The main influence in the model was the salinity-solvent and
salinity-medium interaction by total carotenoid. The salinity-
medium (X, X;) and salinity-solvent (X, X4) interactions were sig-
nificant (p < 0.001) for each variable response, whose interaction
between these factors was used to obtain the best factor method
to produce pigments. Predicted values were correlated with exper-
imental to find the validity of the models for each response vari-
ables (Fig. 5). The coefficients of determination were r? = 0. 98
and r? = 0.92 (Chl a, and T-Car) indicating a high degree of depen-
dence between the experimental values results and predicted by
the equations. Based on the CCD and RSM results, the optimized
treatment chosen was medium F/4, 40 PSU of salinity, at 3.5 days
of age, and methanol solvent for extraction.

3.7. Antioxidant capacity assay

Methanolic, acetonic, and ethanolic extracts were made to eval-
uate the antioxidant activity. All extracts are potent reducing
agents and exhibited antioxidant activity (Table 5 and 6). FRAP is
an assay that uses a ferric salt in an oxidized state (Fe*®) and by
the action of an antioxidant (AOX) is reduced to Fe*. FRAP detects
AOX with the ability of the SET (single electron transfer) mecha-
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nism but does not detect if the extracts are capable of inhibiting
free radicals. The increase in ferric reduction (Fe*> — Fe*?) was
observed in a time of 10 to 40 min (Table 5) for acetonic (672.9
0-766.03 pmol TE/g), methanolic (573.91-630.46 pmol TE/g),
and ethanolic (390.16-483.29 pumol TE/g) extracts. The highest
value (766.03 + 16.62 pmol TE/g) was observed at 40 min in the
acetonic extract. For the DPPH assay, all crude extracts showed
no significant differences (P > 0.05) and low free-radicals capacity
(33-35%) (Table 6). For that reason, it was not possible to deter-
mine the ICsq at the concentration of the extracts studied because
the potency of the antioxidant in the extracts does not inhibit at
least 50% of the DPPH* radical, which makes it an essential charac-
teristic to know the correct concentration. To determine the mini-
mum inhibitory concentration (ICsg) is necessary to carry out
radical inhibition kinetics at different antioxidant extract concen-
trations. Then, linear regression is used to accurately determine
the concentration required to inhibit 50% of the radical. For the
ABTS*" radical, there were significant differences (P < 0.05)
between the antioxidant activities of the extracts (Table 6). The
acetonic and methanolic extracts presented the highest inhibition
percentage (92.16 + 0.16 and 91.50 + 0.01%, respectively). The
ICso were 202.47 + 8.54 pg of pigment-mL~! in acetonic and 232.
61 + 6.67 pg of pigment -mL~! in methanolic extracts. The AAPH.
radical showed a significant difference between the three extracts
(Table 6). The methanolic extract presented the highest and great
free radical-scavenging capacity (96.72 + 0.01%) with an ICso of
21.43 + 1.16 pg of pigment-mL~'. From the opposite view, the
ethanolic extract showed the lowest inhibition activity among
the extracts with 86.27% of inhibition and 1Csg 251.83 + 12.18 pg
of pigment mL~! with ABTS*, and with AAPH presented 81.86%
of inhibition and ICsq 535.85 * 13.33 g of pigment mL~".

3.8. Protective activity on oxidative damage in human erythrocytes

Fig. 6 shows the characteristics and morphological changes of
the erythrocyte damage induced by the radical AAPH and the pro-
tection of N. incerta. The radical AAPH induces oxidation of lipid
membrane and proteins and eventually causes erythrocytes
hemolysis (Tai et al., 2011). The radical can be inhibited by the
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antioxidants found in the extracts of the microalga N. incerta,
avoiding hemolysis and morphological changes in erythrocytes. A
suspension of erythrocyte (Fig. 6 A) and AAPH with erythrocytes
(Fig. 6 B) controls were used to identify the severity of the radical
on the red cells. Additionally, hemolysis caused by the radical
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AAPH (Fig. 6 B) was compared with hemolysis caused by autoim-
mune hemolytic anemia (Fig. 6 C). It can be observed that the
hemolysis caused by the radical AAPH was destructive in compar-
ison to the control of erythrocyte suspension. A high protective
effect against the radical AAPH was found. The components of
the extracts (acetonic, methanolic, and ethanolic) were able to
inhibit cell damage (Fig. 6 D, E, and F). The treatments show typical
red blood cells have an oval, biconcave, flattened shape, with a
depression in the center and diameter of a normal erythrocyte of
6-8 um (Fig. 6 D, E, and F). The optimized extract had a high free
radical-scavenging capacity and ferric reducing antioxidant power;
besides, it avoided the cellular damage caused by the radical AAPH.
The protection of healthy cells such as erythrocytes is a crucial fea-
ture since, in future studies, it can be investigated whether these
extractS compounds can reduce the cancer cells viability without
damaging healthy cells.

4. Discussion

Primary and secondary metabolites of microalgae are directly
affected by nutrient and saline stress conditions. One factor con-
tributing to a higher biomass yield was obtaining a higher cell den-
sity in the cultures at high salinities (55 PSU). The osmoregulation
process in microalgae intervenes in hypersaline conditions, result-
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Table 5
Ferric reducing antioxidant power of extracts obtained from N. incerta.
Extracts pmol TE/g dry biomass + SD
FRAP value at different times (min)
10 20 30 40
Acetonic 6729+ 1823 685.9 + 16.6 28 678.5 +28.2 766.0 £ 16.6 A
Methanolic 573.9 £ 23.3 "B 582.0 + 13.1 PAB 608.5 + 21.3 PAB 630.4 £23.3 A
Ethanolic 390.1 £ 6.7 < 4272155 479.9 £ 158 4832 £6.7 ¢

Values are mean # standard deviation (SD) of three repetitions. One-way ANOVA, with post hoc analysis (Tukey test), is indicated by a different letter for each response
variable (per extract and reaction time). Means followed by a different lowercase letter in the same column indicate significant differences (p < 0.05) between the extracts
tested. Values followed by a different uppercase letter in the same row indicate significant differences (p < 0.05) between the reaction time tested for each extract.

Table 6
Percentage of inhibition of DPPH, ABTS and AAPH assays exposed of the different extracts of pigments from N. incerta by effect of free radical-scavenging capacity assay.
Extract % of inhibition ICs0 (pg/mL)
DPPH ABTS AAPH DPPH ABTS AAPH
Acetonic 353+03°? 92.1+01° 89.2 + 0.7° >780 2024 +85°? 101.7 £ 8.1°
Methanolic 352+02° 91.0+02°? 96.7 +1.1° >780 2326 £ 6.6° 214+1.1°
Ethanolic 334+04° 86.2 £ 0.1° 81.8 +3.2¢ >780 251.83 £ 12.1° 535.8 + 13.3¢

The concentration of the extracts was 780 pg-mL™"
ICsp Minimum inhibitory concentration to inhibit at least 50% or the radical (n > 3).
Values are mean # standard deviation of at least three repetitions. Means followed by different lowercase letter in a same column are different at a significance level of 0.05.

A

Fig. 6. Protective activity on oxidative damage in human erythrocytes. Micrographs of human erythrocytes (100x). Induction of hemolysis with the radical AAPH. (A) Control
(-): erythrocytes without radical. (B) Control (+): erythrocytes with radical (hemolysis). (C) Reference control: autoimmune hemolytic anemia. (D) Acetone extract with
radical (E) Methanolic extract with radical (F) Ethanolic extract with radical.

ing in a considerable increase in cell density. That has been affected by these variables resulting in a higher cellular concentra-
observed in different microalgae species, such as marine diatom tion. The difference in these results may be due to the species used
pseudo-Nitzschia (Ayache et al. 2020). There is an accumulation and the experiments design. Fimbres-Olivarria et al. (2010) studied
of primary compounds such as proteins, lipids, and carbohydrates, the growth of Navicula sp. cultured using a nitrogen concentration
and minerals used as mediators in biochemical cycles of cellular of 0.88 mol-L"! (F/2 medium) at a salinity of 35 PSU. They obtained
stress regulation (Gongalves et al., 2019). An increase in biomass a maximum cell density of 291,875 cell-mL~'. While in our study
might be caused by an increase in its primary metabolites, such with the same conditions obtained approximately 480, 000

as lipids (Table 2) that might confer better resistance to the plasma cell.mL™".

membrane damaged by the intense salinity (Benavente-Valdés Not only replication is affected by different environmental vari-
et al,, 2016). It has been reported that for microalgae chlorophytes, ables, but also the chemical composition of the microalgal biomass
the decrease in the nitrogen content in the medium has an unfa- based on stressed media. Light intensity, wavelength, salinity, and

vorable impact on the biomass yield, presenting a considerable nitrogen source are the most critical factors contributing to bio-
reduction (Goiris et al., 2015). Our results show that the variables mass composition. Few studies on genus Navicula involve the com-
salinity and low-nitrogen concentrations were more significant bined effect of these variables on the chemical composition.

factors for the growth of the microalga N. incerta. The maximum Several microalgae species like Isochrysis aff. galbana (clone T-
cell concentration (688,750 + 29,509 cell-mL~') was shown in the ISO) and Nannochloropsis oceanica decreased with increased N-
most N-limited medium (F/8 = 0.22 mol-L'IN) in hypersaline con- limitation (45 and 37%, P < 0.05); meanwhile, Rhodomona. baltica

ditions (55 PSU). Suggesting that metabolic cycles are more and Pheodactilum tricornotum showed no change in their chemical
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composition under N limitation (Wang et al., 2019). However, in
our study, the concentration of protein and carbohydrates were
directly affected by nitrogen deficiency, while the lipids were
altered by salinity. Therefore, it carries out an osmoregulation pro-
cess reflected in the lipids production; but the effect of nitrogen
deficiency on the medium is not ruled out. Additional to the vari-
able’s salinity and nitrogen concentration, light intensity and irra-
diance are essential factors to consider. These are not only factors
considered in photosynthesis and pigment production, also
directly affect the content of microalgae metabolites. The light
intensity and wavelength have been observed to be critical factors.
In the study by Fimbres-Olivarria et al. (2015), it was seen that
under blue light at a light intensity of 50 umol photon/m?/sec,
the highest protein (22.83 £ 2.42%) and lipid (25.32 + 5.32%) con-
centration was presented. However, our study revealed not so
much difference in the protein (26.70 = 1.3%) and lipid (30.40 * 1.
3%) contents, with white wavelength (400-750 nm) an intensity of
100 pmol photon/m?/sec. Hence, in comparison with the reference
and our results, we observed that the factors salinity and nitrogen
concentration are more significant for producing these macro-
molecules in the genus Navicula.

Numerous studies have shown the impact of nutrients on the
accumulation of lipids and the decrease of proteins due to nitrogen
limitation (Wang et al., 2019). This similar behavior was observed
in our results. However, the accumulation of lipids, carbohydrates,
and ash were influenced to a greater extent by salinity conditions
(Table 1). The increase of the mineral fraction could be related to
osmotic pressure triggering silicateS production as a protector
effect by the osmoregulation cell. The protein showed a decrease
in the most limited medium in nitrogen, only at normal and high
salinity conditions (35, 45, and 55 PSU). Photosynthesis mainly
requires chlorophylls. The base structure comprises four nitrogen
atoms attached to a metal core (Mg2") in its porphyrin ring. There-
fore, under the conditions mentioned above, the adaptive effi-
ciency of N. incerta required a higher load of chlorophylls to
maintain its survival. Table 2 shows the variation of chlorophylls
in different treatments. It is worth noting not only chlorophyll a
can increase or decrease, but also total chlorophylls. Additionally,
it should be taken into account that during growth and adaptation
nitrogen-limited concentrations, enzymes that require nitrogen
can be found (Brown et al., 1996; Calderon et al., 2016) and could
be involved in the synthesis of lipids (or other metabolites), since
in the medium F/8 at 55 PSU an increase in this metabolite is
observed, unlike F/2 and F/4 media at this same salinity (55 PSU).

The high salinities and low-nitrogen concentration as a stress
factor influenced carotenoids accumulation. These factors generate
carotenoids synthesis and should be considered in developing
products based on microalgae (Markou and Nerantzis, 2013). Car-
otenoids are essential for microalgae as accessories pigments, but
as that they act as a protective barrier against high light radiations
dissipating excess energy (Hu et al., 2018; Barajas-Solano et al.,
2020). Therefore, nitrogen is one of the critical nutrients in the
microalgae metabolic cycles (Beardall et al., 2001). When the
microalgae are limited in nitrogen (N), but the other components
are kept in their correct proportions, photosynthesis can continue.
Nitrogen-rich components decrease (as protein), but carotenoids
increase. Nitrogen-depleted cells can transform non-lipid to lipids
and carotenoids compounds (Richmond, 2004). In this way, there
are increases in non-photochemically active carotenoid pigments.
However, the decrease in protein synthesis affects photochemical
energy distribution (Berges et al., 1996). Cells with low-nitrogen
concentration use chlorophylls as a storage source for this mineral.
In this way, nitrogen is easily infused and accessible for microalgae
development (Li et al., 2008). For example, Chlamydomonas rein-
hardtian and Scenedesmus subspicatus depend on nitrogen levels
to start their different development stages. In nitrogen limitation,
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they enter their stationary phase (Dean et al., 2010). Nitrogen
sources have been observed to influence the development of the
microalgae and its components directly, for example, ammonium
nitrate has less impact on the production of biomass and carote-
noids (Imamoglu et al., 2009). In our case, sodium nitrate was used
to rapidly stimulate the microalgal physiological response under
nitrogen-deficient conditions, triggering carotenoid biosynthesis.
A similar condition was used by Touchette and Burkholder
(2000). In general, low-nitrogen concentrations have a more signif-
icant impact than excess nitrogen for these pigments. Carotenoids
such as lutein, B-carotene, astaxanthin, and canthaxanthin, begin
to accumulate in the microalgae in response to nitrogen deficiency
(Borowitzka et al., 1991; Del Campo et al., 2000; Abe et al., 2007).

The second most crucial factor for carotenoid synthesis is the
concentration of salinity. That is due to effects on physiological
processes and nitrogen deficiency, e.g., metabolite content
(Kumar et al., 2010) and photosynthetic efficiency (Rijstenbil,
2005). Changes in the membrane characteristics are another effect
of salinity in the culture medium (Kooijman et al., 2005). In these
cases, carotenoids are used as protective barriers. Osmoregulation
is essential for the intracellular stability and metabolic efficiency of
microalgae. Under hypersaline conditions, bioactive compounds
synthesis increases, and thus their accumulation, unlike hyposaline
conditions (Yancey, 2005). This characteristic occurs in diatoms
such as N. incerta, generating mechanisms of tolerance to salinity.
However, these mechanisms have not been fully elucidated to
carry out a more efficient understanding.

Factors as salinity and nitrogen deficiency were favorable for
the production of antioxidant pigments. Optimization studies
demonstrate significantly enhance pigment production to obtain
maximum efficiency that could be implemented in various indus-
trial sectors (Lefsih et al., 2017). The CCD is applied to experimental
data that cannot be described by linear functions. The second-
order equation application allowed the results to be evaluated as
surfaces of quadratic responses, raising the independent variables
squared. According to Fratoddi et al. (2018), the equations of each
response variable depend on the ANOVA results. The initial results
suggest that the high salinities and nitrogen-limited concentration
increase the cellular concentration of the microalga. It has been
found that N. incerta grows in high salinity around 12 to 14 days
(Affan et al., 2007; Kyong-Hwa et al., 2011; Sanchez Saavedra
and Nufiez, 2012). There are no reports of its response to
nitrogen-limited concentrations. In our study, the interaction
between high salinities and nitrogen-limited concentrations
resulted in a rapid replication rate (around 1 div-day~') with the
maximum growth rate. However, benthonic microalga N. Incerta
can be influenced by their growth, temperature, salinity, and nutri-
ent concentration (Lewin and Lewin, 1960; Sanchez Saavedra and
Nifiez, 2012). On the other hand, nitrogen is used for DNA and pro-
tein synthesis, necessary for survival and reproduction. The
microalgae limit the production of Chl a in quantities required
for photosynthesis (Brown et al., 1996). That could explain the
variation observed in Chl a in Table 2.

Response surface methodology was applied to modeling the
effect of variables and interaction of different growth conditions
to produce pigments of N. incerta. The variability depends on sev-
eral factors during the growing conditions as the nutrients in the
medium, age of culture, salinity and the solvent used for the
extraction. The solvent had an important role in obtaining antiox-
idant pigments since each pigment is extracted in different quan-
tities, due to polarity (Baudelet et al.,, 2013; Burboa-Zazueta
et al., 2018). In our study, nitrogen deficiency and high salinities
increased the chlorophylls and carotenoids content. Still, these
results contradict those of Richmond (2004), Gong and Bassi
(2016), Mustafa et al. (2019), and Wai Kuan (2019). Those authors
observed a significant reduction in the production of these pig-
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ments in Dunaliella sp. Nitzquia sp., Scenedesmus sp., Phaeodactylum
tricornutum, Tetraselmis suecica, Nanofrustulum shiloi, and Chlorella
vulgaris. These differences were due to the species used and the
interaction between the high salinities and the design of advanced
experiments (DOE) used in our research. With the use of DOE tools,
the curvature modeling allows us to observe the variable responses
directly affected by nitrogen limitation and salinity, increasing the
antioxidant capacity. Undoubtedly, response surface methodology
proved to be a very useful tool for obtaining a maximum of antiox-
idant pigments, and methanol as the solvent has shown great
potential to extract chlorophylls and total carotenoids from N.
incerta. The factors studied are considered the most important
physical factors (Araujo and Garcia, 2005; Muller Feuga et al.,
2007). In nature, climate change affects phytoplankton growth,
giving complex biological effects since it is considered that salinity
imposes the highest metabolic requirements for the synthesis of
secondary metabolites such as chlorophylls and carotenoids (St.
John et al., 2001).

The acetonic, methanolic, and ethanolic pigment extracts
showed high ferric reducing antioxidant power (390-766 pmol
TE/g dry biomass) measured by FRAP assay (Table 5). The FRAP
assay depends on the compoun&s redox potential, where the
reducing power of chlorophylls and carotenoids are associated
with reducing double (-C = C-) and allenic (-C = C = C-) bonds that
can donate electrons. It has been demonstrated that these bonds
exert a significant antioxidant capacity. In the study of
Hajimahmoodi et al. (2010), they found that several microalgae,
including Chlorella vulgaris and Nostoc muscorum, had the highest
antioxidant capacity (58.21 £ 16.62 and 63.26 + 6.15 umol TE/g
dry biomass, respectively) by the FRAP assay. Besides, microalgae
such as Haematococcus pluvialis, Isochrysis T-ISO, Isochrysis sp.,
Phaedactylum tricornutum, and Tetraselmis sp., showed values
around of 46-89 pumol TE/g dry biomass (Gong and Bassi, 2016).
In our study, the ferric reducing antioxidant power is higher than
these references being the acetonic extract the highest (766.0 + 16
.6 umol TE/g dry biomass). The difference between the values of
the previous studies and our study may be due to the optimization
methodology used to obtain antioxidant pigments and the solvents
used for their extraction.

Results also showed that the three pigment extracts (acetonic,
methanolic, and ethanolic) have the a high free radical-
scavenging capacity inhibiting 81-92% in ABTS*" and 81-96% in
AAPH (used as hemolytic agent). Lower inhibition (33-35%) in
DPPH® radical was observed by the pigment extracts (Table 6).
The free radical-scavenging capacity of pigment extracts is attrib-
uted to chlorophylls, carotenes, and xanthophylls (Chuyen and
Eun, 2017). Therefore, the double bond system forms the admis-
sion of radical species (ROO*® (radical) + AOX — ROO™ AOX*). The
variations between the free radical-scavenging capacity can be
attributed to the polarity solvent and radical inhibition mecha-
nism, susceptible to electron donation (SET). For this reason, the
desired potency was not enough to inhibit the DPPH® radical
because this radical presents a proton transfer or hydrogen
removal (HAT) mechanisms. The pigments extract of N. incerta
can be of high affinity for the ABTS®* radical due to its lipophilic
and hydrophilic radical, while the DPPH radical is a more selective
radical (Prior et al., 2005).

The generation of free radicals induces increased carotenoid
accumulation in several microalgae species such as Dunaliella sp,
Nitzquia sp, and Scenedesmus sp at nitrogen-limited concentrations
and hypersaline conditions, increasing their antioxidant activity
(Gong and Bassi, 2016; Mustafa et al., 2019). Similar behavior
was shown in our study. Micronutrients such as nitrogen, phos-
phorus, and silicon regulate the synthesis of chlorophylls and car-
otenoids with antioxidant power in diatom (Fu et al., 2015). On the
other hand, several studies have shown the low capacity of
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microalgae extracts to inhibit the DPPH radical. Saranya et al.
(2014) observed that the methanolic and acetonic extracts of
Isochrysis galbana, Chaetoceros calcitrans, and Chlorella salina are
around 14-34% inhibition of the DPPH*® radical, which are similar
to our optimized extracts of N. incerta. However, the extracts of
Nostoc muscorum showed a high inhibition of the ABTS*" (81.6%),
similar to our results. It should be noted that the concentration
used in the extract of Nostoc muscorum that the inhibition test
was higher (30 mg-mL™!) than that from our study (780 pg-mL™1).
Recent studies have shown that organic solvents influence the
obtention of antioxidant pigments from microalga because the %
of inhibition performed in an aqueous extract is low for ABTS**
and DPPH* as is the case of the microalga Rhodosorus marinus that
showed 5.59 + 0.63% ABTS®* inhibition and 25.60 + 4.03% DPPH*
radical inhibition (Burboa-Zazueta et al., 2018). However, in our
case, the three pigment extracts (methanolic, acetonic, and ethano-
lic) presented low DPPH inhibition, probably attributed to
composition.

About the anti-hemolytic assay, the AAPH used is broken down
into molecular nitrogen and carbon radicals that can combine to
produce stable compounds or produce peroxyl radicals by reacting
with molecular oxygen, causing lipid peroxidation. That affects
living cells plasma membranes such as human erythrocytes that
promote the formation of holes in the cell membrane, expelling
its content, causing changes in the erythrocyte morphology
(Liu and Finley, 2005). These morphological changes present in
the positive control in our study correspond to the formation of
exogenous vesicles that transport material outside the membrane,
such as hemoglobin, enzymes, and different types of proteins,
causes the cell death induced by AAPH (Finkel and Holbrook,
2000). According to our results made by optical microscopy
(Fig. 6), the extracts probably create a biofilm formed by chloro-
phylls and carotenoids, since the optimized extract has a high
amount of these metabolites. Erythrocyte micrographs revealed a
slight greenish coloration, which could be formed by hydrophobic
interactions pigment-erythrocyte plasma membrane. The pig-
ments inhibit oxidation and the consequent cellular damage
caused by free radicals, very reactive substances that introduce
oxygen into the cells inducing alterations in the DNA and various
changes that accelerate the aging of the body (Liu and Huang,
2015). That could explain the high anti-hemolytic activity
(81-96%) by the pigment extracts.

5. Conclusion

In conclusion, our study defines the factors of salinity and nitro-
gen deficiency favorable for antioxidant pigment$ production. A
substantial amount of chlorophyll a and total carotenoids of N.
incerta was obtained with strong antioxidant capacity and anti-
hemolytic activity. Optimization studies significantly enhanced
pigment production to obtain maximum efficiency that could be
implemented in various industrial sectors. The results demon-
strated that response surface methodology was a useful tool to
optimize the growth condition to obtain biomass in a short time
and cost reduction. According to the overlay plots, the optimum
growth condition to obtain Chl a and T-Car were medium = F/4
(0.44 mol-L'!), salinity (PSU) = 40, age of culture (day) = 3.5, and
solvent = methanol. The antioxidant activity of N. incerta Chl a
and T-Car indicated that they had a high ability to ABTS*" and
AAPH free radical-scavenging and carried out the oxide-reduction
increase of the ferric reduction (Fe*> — Fe*?). The optimized extrac-
tion shows a potential anti-hemolytic activity to avoid the mor-
phological change of human erythrocytes. These results provide a
basis for future research on the biological activity characterization
and use as a chemopreventive agent of chronic non-communicable
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diseases of high social impact and its application in developing
functional foods or its use as a drug.
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