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Abstract

A cyanobacterium of the genus Chroococcidiopsis has been recently unveiled to go to Mars, owing to its unique ability to stand
harsh environmental conditions. Nevertheless, it has been little characterized in terms of other biotechnological applications. The
aim of this study was thus to explore the biotechnological potential of Chroococcidiopsis sp. LEGE 06174, using GRAS
(generally recognized as safe) solvents for the combined extraction of bioactive compounds. Due to its mucilaginous sheath,
sulfuric acid, NaOH, PBS, DMSO 20%, DMSO 100%, and acetone were tested as preliminary treatment—in attempts to enhance
pigment extraction. Extracts were then obtained by several series of successive extractions: phosphate-buffered saline (PBS)
(serie A), ethanol-PBS (serie B), acetone-PBS (serie C), methanol-PBS (serie D), and acetone-methanol-PBS (serie E). Such
extracts were screened for antioxidant capacity, cytotoxicity, and physicochemical characterization in terms of polysaccharides,
pigments, and total phenolic compounds. Pre-treatment with PBS proved the most effective toward overall pigment extraction
and dissolution of the said mucilaginous sheath. Chroococcidiopsis sp. extracts have unfolded some interesting bioactive
features, particularly upon pre-treatment with PBS—i.e., high antioxidant capacity and high content in polysaccharides,
scytonemin, phycobiliproteins, and phenolic compounds. The highest total pigment content was obtained in serie D, particularly
carotenoids, whereas the highest level of phenolic compounds was found in serie B. All in all, Chroococcidiopsis sp. appears to
constitute a significant biotechnological resource worthy of further exploitation in terms of high added-value compounds.

Keywords Cyanobacteria - Successive extraction - Polysaccharides - Carotenoids - Phycobiliproteins - Phenolic compounds -
Biotechnological value

Introduction

Chroococcidiopsis is one of the most primitive genera of
photosynthetic and extremophile cyanobacteria, able to
survive in extreme conditions (i.e., extreme temperatures,
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long-term desiccation, nutrient deprivation, extreme pH, or
high radiation) (Billi and Caiola 1996, 2010; Cockell et al.
2005). Its outstanding resistance apparently derives from a
unique morphology—with cells preferentially organized as
aggregates, with spherical, oval, or irregular forms, and
protected by an exocellular sheath made of polysaccha-
rides (or mucilaginous envelope) (Billi et al. 2001;
Komarek and Johansen 2015).

The aforementioned resistance has made this cyanobacte-
rium worthy of consideration as an outstanding platform for
the development of technologies meant for arid areas (i.e.,
deserts), including survival in extraterrestrial environments,
namely on the neighboring planet Mars (Caiola and Billi
2007; Billi 2018). In addition to the interesting features
pertaining to Mars, Chroococcidiopsis appears to bear a sig-
nificant biotechnological potential on Earth—yet experimen-
tation with its biomass for extraction of value-added com-
pounds, with possible use as food, feed, cosmetics, or phar-
maceuticals, has lagged far behind (Das et al. 2018).
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Cyanobacteria have for some time proven interesting in
industrial production as they are extremely resistant and can
grow on minimal amounts of nutrients due to distinctive met-
abolic pathways, which also unveils novel and unique mole-
cules not yet explored for commercial purposes.
Chroococcidiopsis sp., in particular, is considered to be a
self-settler, meaning that it possesses the ability to spontane-
ously aggregate and self-flocculate in culture (Das et al. 2018).
Such a feature is advantageous for large-scale production
since it will reduce the amount of energy incurred in biomass
harvesting which may, in some cases, account for 30% of the
whole microalga processing costs (Barros et al. 2015).

The prospect of finding different bioactive compounds
from nonconventional microbial sources from marine envi-
ronments, especially cyanobacteria, has attracted attention in
recent years (Mandal et al. 2020). Chroococcidiopsis, in par-
ticular, is a likely source of several added-value bioactive
compounds—namely, polysaccharides, pigments (chloro-
phylls, carotenoids, phycobiliproteins, and scytonemin), phe-
nolic compounds, lipids, vitamins, and proteins—which open
up a number of possible applications in food, feed, and phar-
maceuticals for human and animal welfare, besides cosmetics
and dyes (Hayashi et al. 1997; Rezanka et al. 2003
Antonopoulou et al. 2005; Das et al. 2018).

Chroococcidiopsis is a well-known synthesizer of polysac-
charides containing sulfur in their mucilaginous sheath (Billi
et al. 2001) that can be interesting for use as a nutraceutical
additive, therapeutic agent, or cosmetic ingredient (Raposo
etal. 2013, 2015). Some of the reported bioactivities exhibited
by such type of polysaccharides include antitumor, antiviral,
anti-inflammatory, antioxidant, anticoagulant, antimicrobial,
immunomodulation, and bio-adhesive properties (Raposo
etal. 2013, 2015).

Pigments such as carotenoids (i.e., 3-carotene, lycopene, and
zeaxanthin) are photosynthetic accessory pigments, with a lipo-
philic nature that carries a number of benefits for human health,
including being powerful antioxidant agents. They can also act as
anticancer or anti-immunomodulatory agents (Singh et al.
2017b; Saini et al. 2018; Demay et al. 2019). Furthermore, ca-
rotenoids can be used as pharmaceuticals in the form of provita-
min A (retinol), important to prevent eye disease (Namitha and
Negi 2010), or in aquaculture and poultry production, for pig-
mentation, and as immunosupplementation (Yaakob et al. 2014).
In addition, they can be utilized as dyes and in cosmetics, like
shampoo or soaps, with the extra advantage of being non-toxic
nor carcinogenic (Rizwan et al. 2018; Sathasivam et al. 2019),
and also eco-friendly (Guedes et al. 2011a; Alam 2019;
Sathasivam et al. 2019). On the other hand, water-soluble
phycobiliproteins pigments like phycocyanin, allophycocyanin,
and phycoerythrin, commonly found in cyanobacteria and cer-
tain eukaryotic red algae (MacColl 1998), have been claimed to
exhibit remarkable antioxidant, anti-inflammatory, neuroprotec-
tive, anticancer, and hepatoprotective actions (Pagels et al. 2019).
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The bright colors of blue (phycocyanin and allophycocyanin)
and red (phycoerythrin) make these substances easily applicable
as dyes for textiles, beverages, foods, and cosmetics, and they
can be used as a fluorescent tool for research or medical diagno-
sis (Chu 2012; Alam 2019).

Phenolic compounds are found in cyanobacteria, bearing
relevant antioxidant properties that make them suitable for
both human and animal diet formulations (Kepekc¢i and
Saygideger 2012; Freile-Pelegrin and Robledo 2013; Jerez-
Martel et al. 2017; Lindner and Pleissner 2019); they also
protect the cardiovascular and nervous systems, further to
their preventive effects against cancer (Freile-Pelegrin and
Robledo 2013).

Chroococcidiopsis biomass provides an excellent opportu-
nity to explore different solvent-mediated extraction strate-
gies, since optimization of metabolite recovery and combina-
tion of green methodologies are important issues within the
biotechnological field. Use and reutilization of biomass as per
a biorefinery concept may support economically more feasible
processes of extraction, while resorting to GRAS (generally
recognized as safe) solvents has been gaining importance for
being a green and safer extraction methodology.

In view of the above arguments, Chroococcidiopsis is like-
ly to possess a biotechnological potential—but only a few
studies have tackled its antioxidant activity and inventory of
added-value compounds (Das et al. 2018; Montero-Lobato
et al. 2020). Therefore, this study aimed at shedding light on
the bioactivity potential of the strain Chroococcidiopsis sp.
LEGE 06174, exploiting the most promising compounds, par-
ticularly focusing on polysaccharides, pigments, and phenolic
compounds. With the ultimate goal of a biorefinery approach,
extraction methodologies were optimized regarding the rele-
vant compounds, having in mind that this cyanobacterium has
an intricate mucilaginous sheath composition.

Materials and methods
Microorganism and biomass production

The marine cyanobacterium Chroococcidiopsis sp. LEGE
06174 was obtained from the Blue Biotechnology and
Ecotoxicology Culture Collection (LEGE-CC) (http://lege.
ciimar.up.pt/).

Biomass of Chroococcidiopsis sp. was produced in steril-
ized, 5-L glass balloons (with a working volume of 4.8 L), in
batch mode, using Z8 as culture medium (Kotai 1972) with
25 g L' Tropical Marin® sea salt at pH 7.2+0.1. The cul-
tures were kept in an acclimatized chamber at 25 °C and a
light intensity of 100 pmolphotons.mfz.sf1 was provided by
fluorescent lamps (Biolux, Osram) under a light/dark cycle
of 16 h:8 h. Agitation was provided by air passed through a
0.20 um membrane filter, at an airflow of 0.75 L,;,


http://lege.ciimar.up.pt/
http://lege.ciimar.up.pt/

J Appl Phycol (2021) 33:2169-2187

2171

Lewure - min” ' sufficient enough to maintain the culture in

suspension. The inoculum was set with an initial optical den-
sity of 0.1 (OD = A\ggg nm — \7509 nm), and biomass production
was monitored over time in order to determine the most suit-
able day of harvesting (right before reaching the stationary
phase). Culture samples were collected regularly and their
dry weight (DW) determined, based on the linear relationship
between OD and DW (DW = 2x107 OD - 10°, /% =0.9798).
DW was ascertained by filtering a known volume of culture
through preconditioned GF/C glass microfiber filters
(Whatman), and further drying at 100 °C until constant
weight. When the growth phase was close to an end, the bio-
mass was harvested by centrifugation (1400xg for 20 min).
The wet biomass was then freeze-dried and kept in a vacuum
desiccator for further use.

Biomass pre-treatment

A preliminary study was performed aimed at improving the
experimental procedure in terms of total recovery of pigment
via selection of the most adequate pre-treatment to remove its
polysaccharide envelope. Hence, six different pre-chemical
treatments were tested in Chroococcidiopsis sp. biomass: sul-
furic acid (0.025 M), sodium hydroxide (NaOH; 0.20 M),
phosphate-buffered saline (PBS; 20 mM, pH = 7.4), dimethyl
sulfoxide (DMSO; 100%), DMSO (20% v/v), and acetone
(p.a). The pre-treatments were assayed using 85 mg of
freeze-dried biomass (in triplicate), 270+ 20 mg of glass
beads, and 5 mL of solvent tested. Cells were crushed in a
bead beater Precellys Homogenizer (Bertin Technologies,
France), using three cycles (6 series of 8000 rpm for 30 s, with
a pause for 40 s).

The effectiveness of the pre-treatment was assessed by
measuring pigment recovery and performing a successive ex-
traction with 100% of methanol (20 mM, pH = 7.4) for chlo-
rophyll a (chl a) and carotenoid extraction, or phosphate buff-
er for phycobiliprotein extraction. The pre-treatment that
allowed the best extraction of pigments was selected to further
proceed investigating antioxidant potential and chemical char-
acterizing the metabolites.

Pigment-targeted extraction

After having selected the most adequate pre-treatment to im-
prove total pigment content extraction, Chroococcidiopsis sp.
biomass was subjected to five different series of extractions,
using several GRAS (generally recognized as safe) solvents:
acetone (A), ethanol (E), methanol (M), and phosphate-
buffered saline (PBS) (20 mM, pH 7.4). All extractions were
performed using 85 mg of freeze-dried biomass (in triplicate),
270+ 20 mg of glass beads and 5 mL of the aforementioned
solvents, in combination with a bead beater homogenizer as
described previously. After pre-treatment several successive

extractions (consecutive extractions with the same biomass
sample) were grouped in different series of extraction as fol-
lows: PBS (serie A), ethanol-PBS (serie B), acetone-PBS
(serie C), methanol-PBS (serie D), and acetone-methanol-
PBS (serie E). The extraction with PBS was performed by
vortex stirring (Velp Scientifica) for 10 s to avoid foam for-
mation. All extracts were prepared and handled under dimmed
light, transferred to 5-mL Eppendorfs, and centrifuged at
2744xg for 3 min.

Antioxidant capacity assessment

Evaluation of the antioxidant capacity of the extracts was per-
formed via two distinct radical scavenging assays: ABTS™
and NO™. Both resorted to spectrophotometry using a
Multiskan Go (Thermo Fisher) microplate spectrophotometer.
Organic extracts were prepared in DMSO/PBS (1:4, v/v), to a
final concentration of 5 mg mL " and a dilution series of 0.16,
0.31, 0.63, 1.25, 2.5, and 5 mg mL ", The aqueous (PBS)
extracts were freeze-dried and resuspended in DMSO:PBS
(1:4, v/v) to final concentrations ranging from 0.02 to
2.08 mg mL™". All assays were conducted with three biolog-
ical and three chemical replicates.

ABTS™ assay

The ABTS™ assay was used to assess the total radical-
scavenging capacity of Chroococcidiopsis extracts (Guedes
et al. 2013). Briefly, ABTS radical cation was produced via
the reaction of potassium persulfate (Sigma) (0.66 mg mL ™)
and ABTS (Sigma) (3.84 mg mL ™). For the assay, 63 uL of
extract samples (dilution series 0.16 to 5 mg mL™") was com-
bined with 180 puL of ABTS radical cation solution, with
absorption of 0.70+0.02. All samples were incubated over
6 min, and then absorbance was read at A =734 nm.

NO™™ assay

The NO™ assay was used to evaluate the specific antiradical
capacity of Chroococcidiopsis extracts, by the procedure by
Kumar et al. (2008) adapted to spectrophotometer plaque by
Pinho and Sousa (2011). In brief, 50 uL of sample extracts
(concentrations ranging from 0.16 to 5 mg mL™") was added
with 50 uL of sodium nitroprusside (SNP) at 5 mM, prepared
with phosphate-buffered saline (20 mM, pH = 7.4). The reac-
tion mixture was incubated at room temperature under contin-
uous light at an intensity of 23 £2 umol,otons m 2s ! for1h.
The reaction mixture was further added with 50 uL Griess
reagent (1% sulfanilamide and 0.1% naphthylethylene-
diaminedihydrochloride in 2% (v/v) phosphoric acid). After
10 min, absorbance was read at 562 nm.

The percent inhibition in both assays was calculated as
follows:
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%inhibition = | (AbSsampie—AbSblank ) ~AbScontrol | / AbSconrol X 100

where Absg,mpie denotes reacting extract absorbance,
Absy .k 18 extract absorbance with the reaction solvent, and
ADbSonior 1 absorbance of DMSO/PBS (1:4 v/v). Results were
plotted in dose-response curves, and the values of IC,5 and
ICs( were calculated using software GraphPad Prism 8—and
expressed in pUgexrace ML

Cytotoxicity assessment (MTT assay)

All obtained extracts were analyzed for its cytotoxicity/cell
viability, using the 3-(4,5-dimethylthiazole-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay. The rationale of this
method is based on the reduction of MTT by the NAD(P)H-
dependent cellular oxidoreductase enzymes, present in the
mitochondria (and thus only working viable cells), to
formazan salts; this reduction leads to the development of a
violet/blue color on living cells, measured at 550 nm by opti-
cal density (Berridge and Tan 1993; Capasso et al. 2003). The
assay used human cardiac microvascular endothelial
(hCMED) cells obtained from American Type Culture
Collection (ATCC). In brief, cells were seeded in a 96-well
plate with a final concentration of 10 x 10* cells mL™" with
Dulbecco’s Modified Eagle Medium (DMEM) for 24 h. The
cells were incubated for 24 and 48 h with DMEM and the
extracts of Chroococcidiopsis sp. at two different concentra-
tions (100 and 200 pg.mL ") to a final volume of 100 uL. Cell
medium with 1 and 20% of DMSO was added to the
multiplate as negative and positive control (maintenance of
cell viability and cell death), respectively, for the organic ex-
tracts. For the aqueous extracts, the negative control (growth)
was DMEM, because the samples were dissolved in water. To
assess cell viability, 20 uL of MTT solution (I mg mL™") was
added to the well plate and incubated at 37 °C for 3.5 h. In a
final step, DMSO was added to the wells to dissolve the
formazan salts and absorbance was read at 550 nm.

Extract chemical characterization
Polysaccharide content determination

The polysaccharide content in the mucilaginous sheath ex-
tracted with the pre-treatment and in the aqueous extracts with
PBS was determined according to Dubois et al. (1951). In
short, 1 mg mL ™" of mass extract was added to 4 mL of
sulfuric acid (1 M) to bring about hydrolysis of the saccha-
rides. After 1-h incubation at 100 °C, 100 uL of each sample
was homogenized and 300 uL of deionized water (dH,0),
400 uL of phenol (5%, w/v), and 2 mL sulfuric acid (98%,
v/v) were added. The blank was obtained by adding 100 pL of
sulfuric acid (1 M) to the dH,O, phenol, and concentrated
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sulfuric acid. The mixtures were maintained at 27 °C in a
water bath for 30 min. The absorbance was then read at
490 nm using a Shimadzu UV-1800 spectrophotometer. A
standard curve was prepared with glucose (Alfa Aesar) dis-
solved in water, ranging within 0—500 pg mL™". The content
in total polysaccharides in the extracts was expressed as pg of
glucose equivalents (GUE) per gram of dried biomass, by
resorting to linear model: absorbance = 0.002 x total content
polysaccharides (uggur/gpw) + 0.0349 (R* =0.985).

Chlorophyll a and carotenoid content and profile

To select the best pre-treatment solvent, methanolic ex-
tracts were spectrophotometrically quantified for their
total content in chlorophyll a (chl @) and carotenoids,
according to Lichtenthaler and Buschmann (2001).
Absorption was read at Ag79, Ags2, and Aggs nm and
the content calculated as follows:

Chla (ngmL™") = 16.72A465—9.16A4s2
Total carotenoids (ug.mLfl) = 1000A470—1.63 Chl a/221

The final results were expressed in mg per gram of dry
weight.

For the successive organic extraction series, with ethanol,
acetone, and methanol, pigments were identified and quanti-
fied in the extracts, via high-performance liquid chromato-
graph (HPLC) with photodiode array (PDA) detection
(Waters Alliance 2695, USA) following a method described
elsewhere (Guedes et al. 2011a).

The extracts were resuspended in acetone:acetonitrile (9:1)
at a concentration of 10 mg mL ! and an internal standard, -
apo-carotenol (170 mg L™'; Sigma Aldrich) was added. A
column heater (Waters, USA) was used during the analyses
in order to maintain a constant temperature of 25 °C.

The stationary phase consisted of a 4 x 250 mm Purospher
STAR RP-18e (5 um) column (Merck), and the mobile phase of
ethyl acetate (solvent A) and acetonitrile:water at 9:1 (v/v) (sol-
vent B). A flow rate of 1 mL min~"' was set with a gradient using
solvents A and B with the following elution profile: 0-31 min
(0-60% A); 31-36 min (60% A); 36-38 min (60-100% A); 38—
43 min (100% A); 43—50 min (100-0% A); and 5055 min (0%
A). Spectra from all peaks were collected in the range 250—
750 nm. The compounds were identified by comparing their
retention times and the UV-visible spectrum with the true chro-
matographic standards and quantified via calibration curves.
Standards (HPLC grade) were purchased from Extrasynthese
(lutein, zeaxanthin, and (3-carotene) and Sigma (echinenone).

Phycobiliprotein content The total phycobiliprotein (PBP)
content, including phycocyanin (PC), allophycocyanin
(APC), and phycoerythrin (PE) in Chroococcidiopsis sp.
aqueous extracts, pre-treatment, and PBS extracts was
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determined according to Bennett and Bogorad (1973). All
samples were measured in a spectrophotometer Shimadzu
UV-1800, at wavelengths of \s¢,, Ag15, and Ags», and quanti-
fication was as follows:

PC (mgmLﬁl) = A615—0.474 A652
APC (mg.mL™") = (A45-0.208 Ags2)/5.09
PE(mg.mL™") = [As—2.41(PC)—0.849 (APC)]/9.62

The results were expressed in mg per milligram of dry
weight.

Scytonemin content

Scytonemin is an external pigment present in the mucilagi-
nous sheath, and its content was determined only in the pre-
treatment extract. Therefore, after extraction of 1 mg of pre-
treated dry extract with 1 mL of acetone, the scytonemin con-
tent was measured spectrophotometrically according to
Garcia-Pichel and Castenholz (1991), at wavelengths Asg4,
As6s> Aea0, through the following equation:

Scytonemin (mg mgpy1)
= 1.04A384—0.79A665—0.27 A490.

Scytonemin content was expressed in milligram of dry weight
(mg mgpw ') using the extinction coefficient for scytonemin in
acetone (112.6 L gﬁ1 cm ) (Garcia-Pichel et al. 1992)

Total phenolic determination

The total phenolic content in the extracts was determined via
Folin-Ciocalteu colorimetric method (Folin and Ciocalteu
1927), adapted by Maadane et al. (2015), using gallic acid
for standard. In brief, 50 uL of extract samples (at a concen-
tration of 5 mg mL ") was added to a well plate with 125 pL
of deionized water and 25 uL of Folin-Ciocalteu reagent and
kept in the dark for 5 min. Seventy-five microliters of sodium
carbonate (6.60 wt%) was added to the mixture and kept at
room temperature over 60 min. The absorbance of the samples
was then measured at A = 760 nm using a microplate spectro-
photometer (Multiskan Go, ThermoFisher) and gallic acid
(Acros Organics) as standard (calibration curve: ranging from
0to 200 ug mL ! (DMSO/PBS (1:4 v/)). The total content of
phenolic compounds in the extracts was expressed in mg of
gallic acid equivalent (GAE) per gram of dried biomass
(Mmggar Eow ), using the equation fitted by linear regression:
absorbance = 0.0058 x total phenolic content (mggag ngfl)
+0.0498 (R = 0.999).

Statistical analysis

The experimental data were analyzed with the software
GraphPad Prism 8. A diagnostic revealed a non-normal

distribution of the data. Hence, a one-way ANOVA, with
Tukey’s multiple comparison test, was used to assess vari-
ances between total content in chlorophylls, carotenoids,
PBPs, phenolic compounds, and antioxidant capacity.
Student’s ¢ tests were performed to ascertain significant dif-
ferences (p < 0.05) among the results of the cytotoxicity tests.

Results
Chroococcidiopsis sp. biomass production

Biomass production by Chroococcidiopsis sp. LEGE 01764 was
monitored over time. During the cultivation, cyanobacteria can
accumulate several compounds with high antioxidant capacity
(i.e., carotenoids) (Amaro et al. 2015). For that reason, the
growth curve of Chroococcidiopsis sp. was produced and the
late exponential phase, reached on day 21 (Fig. 1) was set to
harvest biomass.

Cyanobacterial pre-treatment selection

The results of biomass pre-treatment are depicted in Fig. 2. The
pre-treatment allowing a higher recovery of pigments, namely,
chl a and PBPs, was PBS. The PBS pre-treatment allowed to
double the extraction of chl a (1.94+0.02 mg gpw '), when
compared with the biomass without pre-treatment (1.02 =
0.02 mg gpw ), and also helped increase the PBP concentration,
thus achieving a value of 3.15+0.15 mg gpw * (against 3.02 +
0.05, without pre-treatment), while carotenoid content did not
undergo a significant increase (0.51 + 04 mg gpw ', when com-
pared to that with pre-treatment (0.45 + 0.00 mg gpw ).

On the other hand, DMSO (20% v/v) doubled chl ¢ and in-
creased the carotenoid content by 1.2-fold, but PBP content was
reduced about 1.6 times when compared to the extracts without
pre-treatment. Overall, DMSO (20%, v/) only increased the

or S

L 'y

log DW

I Y I Y T A N
10 12 14 16 18 20 22 24 26

Time (d)
Fig. 1 Growth curve of Chroococcidiopsis sp. LEGE 06174, expressed

in natural logarithm of dry weight (log DW ( -~¢-"). The data points show
mean + SD, n=3
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Fig. 2 Influence of six different pre-treatments with SA-sulfuric acid
(0.025 M), NaOH (0.20 M), PBS (20 mM, pH =7.4), DMSO 100%,
DMSO 20% (v/v), and A-acetone upon contents of total chl a ()

(|:| )» carotenoids ([]), and total phycobiliprotein content ([]), after a
methanolic extraction and successive PBS extraction upon

pigment content by 6%, so PBS appeared as the best pre-
treatment for increasing overall pigment extraction up to 20%
(when compared to the extracts without pre-treatment). It was
therefore selected to be used as solvent for biomass pre-treatment.

Extract antioxidant capacity

Antioxidant capacity of all extracts of Chroococcidiopsis was
evaluated by two different methods, ABTS™ and NO™, and
results compared by the ICso and 1C,5 values.

Regarding the ABTS™ assay (Table 1), the ICsq values of
aqueous extracts confirm its high antioxidant capacity, in par-
ticular PBS extract of the pre-treatment (IC50=150.71 £3.40
UEextract mL ™), followed by the aqueous extract of seric E
(ICsp=161+17 ugcxtmt.mLﬂ). No statistical differences
were found among aqueous extracts of serie C (ICsy=
310.13 £6.19 Uextract mL ") and serie D (ICso=325.10+
11.51 pgexrace ML ). Within the organic extracts, the best
ICs, was obtained in the acetonic extract of series C (and E)
(284.68 £ 17.04 Ugexirace ML ).

Regarding the NO™ results (Table 1), the lowest ICs values
were again found to be ones with PBS, either in pre-treatment
(IC50=199.60 £ 43.46 Ugextract mL ) and in aqueous extract of
serie D (IC50=216.20£9.41 ugqyiract mL ™). with no signifi-
cant differences between them (p > 0.05). Within the organic
extracts, the best ICs, was obtained in methanolic extract (serie
D), i.e., 429.04 £30.6] pHZexuace ML .

Extract cytotoxicity

All extracts, both organic and aqueous, including the pre-
treatment were tested for their cytotoxicity via the MTT assay

@ Springer

Chroococcidiopsis sp. biomass. The control is represented with no pre-
treatment. The results are reported as mean + SD (n = 3) and expressed in
mgpigmenm,ngfl. Different letters mean that they are statistically different
(p<0.05) (one-way ANOVA, Tukey’s multiple comparisons test)

at two concentrations: 100 and 200 pg mL !, for 24 and 48 h.
The choice of concentrations was based on the lowest ICs
values found for the aqueous extracts, i.e., those that have
higher antioxidant capacity.

The organic extracts did not have any adverse effects upon
cell viability (when compared to the control, DMSO, 1%),
except for the methanolic extract of serie E (at both concen-
trations tested) (Fig. 3a).

The aqueous extracts showed toxicity at 100 and
200 pg mL". In the latter, the cell viability was only main-
tained over the 24-h exposure. The pre-treatment extract was
the only one showing cytotoxicity at both concentrations and
both times of exposure, with significant differences versus the
control (DMEM media) (p < 0.05) (Fig. 3b).

Extract chemical characterization
Total polysaccharide content

The total content in polysaccharides was determined for the
aqueous (PBS) extracts, including pre-treatment (Fig. 4). Pre-
treatment extracted the highest content in polysaccharides
(115.18 £4.63 uggue gcxtracfl) followed by the serie A
(38.97£5.36 uggus gcxtracfl) and C (26.18 +£3.88 uggug
gcxtracfl). Use of several organic extractions, serie E, was
not favorable to increase polysaccharide content (10.68 97 +

1.13 UEGUE gextractil)-
Extract pigment profile and content

The pigment profile of the successive extractions of
Chroococcidiopsis with antioxidant potential, of the tested series
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Table 1 Antioxidant capacity
represented described by IC,5 and
ICs values (Hgexiraer ML),
obtained with ABTS™ and NO™
assays for each extraction series,
including pre-treatment of bio-
mass of Chroococcidiopsis sp.
LEGE 06174. The results are
expressed as mean + SD (n=3).
For each column, different letters
mean p < 0.05 (two-way
ANOVA; Tukey’s multiple com-
parisons test)

A, B, C, D, and E, was assessed. The total chl a and total
carotenoids were estimated in the organic extracts by HPLC,
whereas the PBPs (namely PC, APC, and PE) were evaluated
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Series of extraction Extracts (U€extracemL ") ABTS™ NO™
ICs ICso

Pre-treatment PBS 50.71+3.40° 199.60+43.46"
Serie A PBS 430.58+30.61° 275.46+1.77°
Serie B Ethanol 358.50+16.55" 620.13+18.35°

Phosphate buffer 500.03+£30.01° 418.72+1.40¢
Serie C Acetone 284.68+17.04¢ n.d.

Phosphate buffer 310.13+6.19¢ 426.56+20.94¢
Serie D Methanol 427.54+23 96° 429.04+30.61¢

Phosphate buffer 325.10+£11.51¢ 216.20+9.41*
Serie E Acetone 284.68+17.04¢ n.d.

Methanol 905.40+30.75° 640.04+34.38°

Phosphate buffer 160.71+16.72¢ 326.55 +17.03°

n.d. not determined

in the aqueous solvent by spectrophotometry.

Fig. 3 Cytotoxicity effects of the
successive Chroococcidiopsis sp.
LEGE 06174 extracts serie A
(PT-PBS), B (PT-ethanol-PBS),
C (PT-acetone-PBS), D (PT-
methanol-PT), and E (PT-
acetone-methanol-PBS) for the
organic (a) and aqueous (b)
extracts against hCMED cells.
Organic extracts are represented
as follows: B (E) — serie B,
ethanolic; C(A) — serie C, ace-
tonic; D(M), serie D, methanolic;
and E(M) — serie E, methanolic.
In aqueous extracts, each capital
letter refers to each series, adding
the pre-treatment (PT) with PBS.
The control (no cell death) was
tested with DMSO 1%; the nega-
tive control (DMSO) (cell death)
was tested with DMSO 20%. The
extracts were exposed for 24
([H) and 48 h (E53), at

100 pg.mL ™" and at 200 pug.mL ™"
Results are reported as mean + SD
(n=4) and expressed in
pgcmm.mLfl. Different letters
mean p < 0.05 (Student’s ¢ test)
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Q
< 100
=y
E
8
>
° 50
o
0
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2 100
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The pigment content of the organic and aqueous extracts is
shown in Table 2. Concerning the first ones, the methanolic
extract of serie D stood out with the highest content of both chl

a (5.06+£0.34 mg ngfl) and total carotenoids (1.72 +

B

Control DMSO B(E) C(A) DM EM) B(E) C(A) DM E(M

100 pGextract mL’ 200 MGextract mL”

Series of extraction

Control DMSO | PT A B C D E | |PT A B

C

100 HGextract mL”’

Series of extraction

200 pQextract mL”’
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Fig. 4 Total polysaccharide 150~

content at each aqueous series of
extraction serie A (PT-PBS), B

(PT-ethanol-PBS), C (PT-
acetone-PBS), D (PT-methanol-
PT), and E (PT-acetone-
methanol-PBS), including pre-
treatment (PT) with PSB solvent.
The results are reported as mean +
SD (n =3 and expressed in
ugGUE.gemcfl . Different letters
mean p < 0.05 (one-way
ANOVA, Tukey’s multiple com-
parisons test)

-1

100

MIGUE Jextract

0.05 mg gpw ). The combination with acetonic extract (2.41
+0.15ggpw ) of serie E was significantly higher, in terms of
chl a content, than the acetonic extraction (serie C) (p < 0.05)
alone. Furthermore, the acetonic extract (serie C) seems more
selective to extract carotenoids than chl a.

The results concerning the aqueous extracts and PBP con-
tent, in particular PC, APC, and PE, are shown in Table 2. In
general, pre-treatment with PBS extracts led to the highest
amount of the three pigments under scrutiny, with 2.54 +
0.19 mg ng_l for PC, 2.57+£0.17 mg ng_l for APC, and
1.62+0.05 mg gpw ' for PE, with a total pigment content in
PBPs of 6.74 +0.49 mg gpw . However, serie A extraction
attained the highest result for APC, with 2.09+0.07 mg
gpw ' followed by PC with 1.08+0.00 mg gpw ' and PE
with 1.01 £0.17 mg gpw . The total PBP content seemed to
be affected when successive extraction occurs with organic
solvents—as their content is drastically reduced about 2 times,
when compared to the PBS extraction of serie A.

In general, the overall content in pigments (chl @ and ca-
rotenoids) is higher in serie D, including the PBPs extracted in
the pre-treatment.

The carotenoid and chl a profiles were studied in the various
organic extracts (Table 3). The chl a and derivatives were the
most abundant pigments found in all extracts studied, followed
by several xanthophylls, like zeaxanthin and echinenone.
Carotenes like (3-carotene and «-carotene derivatives were also
found. The profiles of the acetonic (series C/E) (see Fig. 5) and
methanolic (serie D) extracts were found similar (except for the
presence of pheophytin (pheo)), yet the content in each pigment
was very different. Such extracts also presented two zeaxanthin
derivatives that were not found in the other extracts. In the case of
the ethanolic extract (serie B), two chl derivatives (including
pheo) were not extracted, nor the two zeaxanthin derivatives.
Lycopene was also detected in all extracts, except for the meth-
anolic extract of serie E. In this case, neither two zeaxanthin
derivatives were present, nor was pheo (Table 3).

The ethanolic extract (seriec B) contains echinenone (445.84 +
28.22 mg gpw ) and lycopene (49.09 +2.58 pg gpw ) as the

@ Springer

Series of extraction

major carotenoids extracted, besides chl a (3766.85+207.12 ug
ngfl). The acetone extract of serie C contained also echinenone
as major carotenoid (169.27 +4.27 ug gow '), followed by ly-
copene (29.23+3.21 pg gpw ) and a high content of a partic-
ular chl a derivative (944.98 +49.50 pug ngfl). This extract also
contains pheo (230.62+13.41 ug ngfl), which did not show
up in any other extract profiles.

Serie D accounted for the extract with the highest content in
all carotenoids, especially xanthophyll and echinenone
(581.54+20.40 pug gpw ') and B-carotene (313.28 +
11.66 pg ngfl) and o-carotene (254.33 +£2.32 ug ngfl).
Chl attained the highest value in the form of chl @ derivative
(2239.78 +115.05 ug gpw ). The methanolic extract of serie
E was more selective to extract echinenone (75.70 +3.68 ng
ngfl), followed by zeaxanthin (2.64 £0.05 ug ngfl). In
terms of chlorophylls, chl a derivative (562.22 £49.85 ug
gDW_l) exhibited the highest content.

Scytonemin was quantified only in the extract of the pre-treat-
ment. Its content was 0.127 mg gpw | (corresponding to
0.01%pw).

Total phenolic compound content

The TPC content of the various successive extractions of
Chroococcidiopsis was evaluated by the Folin-Ciocalteu
method (Fig. 6).

The PBS solvent proved to be the most effective in
extracting phenolic compounds, and the pre-treatment per-
formed before all extraction series was able to extract a high
percentage of the more polar TPC—reaching 1.64 +£0.02
mgGak gow . Serie B cumulatively achieved the highest lev-
el of extraction of TPC, with a total of 1.98+0.19 mggag
gpw |, while the ethanolic fraction attained 1.47+0.19
MEGAE ngfl (corresponding to the fraction of TPC with
more apolar nature). Series A and E contain the lower content
in phenolic compounds, with 0.27 +0.01 mggag gDv\fl and
0.22+0.01 mggag gDW_l, respectively, with no significant
differences between them (p > 0.05).
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Table 3 Chlorophyll and carotenoid profile and content of
Chroococcidiopsis sp. LEGE 01674 extracts in the different organic
extraction series (serie B, C, D, and E). The results are reported as

mean = SD (n=3) and are expressed in pg ngfl. For each row,

different letters mean p <0.05 (one-way ANOVA, Tukey’s multiple
comparisons test)

Identified pigments Concentration of pigment (Ugpigment ngfl)
Serie B (ethanol) Serie C/E (acetone) Serie D (methanol) Serie E (methanol)
Carotenoids
Carotenes
«-carotene™ 27.91+0.56* 20.27+1.86% 254.33+2.32° 10.81+0.27¢
o-carotene derivative* 35.10£1.66" 17.09+0.39° 306.49+3.38° 11.88+0.08"
[3-carotene 40.78+3.17* 25.13+0.89° 313.28+11.66° 11.25+0.41¢
Lycopene* 49.09+2.58" 29.23+3.21° 60.09+4.33¢ n.d.
Xanthophylls
Echinenone 445.845+£28.22% 169.27+4.27° 581.54+20.40° 562.22+49.85¢
Zeaxanthin 9.57+0.88" 6.36+0.66" 50.91+4.07° 2.64+0.05°
Zeaxanthin derivative®* n.d. 7.42+0.62° 15.21+0.54° n.d.
Zeaxanthin derivative** n.d. 7.11+£0.65° 13.96+0.91° n.d.
Chl a and derivatives
Chlorophyll a 3766.85+207.12% 909.84+69.54° 2123.95+162.34° 146.49+32.91¢
Chlorophyll a derivative®** n.d. 944.98+49.50* 2239.78+115.05° 562.22+49.85¢
Chlorophyll a derivative®#* 714+0.00° 284.24+35.84° 693.47+75.84° 131.91+8.61¢
Pheophytin*** n.d. 230.62+13.41 n.d. n.d.

*Concentration in {3-carotene equivalent; **concentration in zeaxanthin equivalent; ***concentration in chl a equivalent.

Serie C reached the highest content of TPC with polar
nature, with its PBS fraction possessing a total of 1.20+
0.11 mggag gDW_l. Serie D, including extraction with meth-
anol, was not so effective when compared to the other series,
with a total of 0.68 £0.04 mggap gDW_IH)f which the or-
ganic fraction contributed 0.08 +0.00 mggar gow * and the
aqueous fraction 0.19 £0.02 mggar ngfl.

Correlation between antioxidant capacity and
chemical characterized compounds

The correlation between the antioxidant capacity (ICs, value) and
the compounds here studied—and described as having antioxi-
dant capacity in the literature (i.c., Amaro et al. 2015; Singh et al.
2017b; Pagels et al. 2019)—was determined in both aqueous and
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Fig. 5 Chl and carotenoid HPLC-profile of acetonic successive extracts
(serie C/E) of Chroococcidiopsis sp. LEGE 06174. HPLC-PDA recorded
at 450 nm. Lycopene (1), zeaxanthin derivatives (2,3), zeaxanthin (6),
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unidentified carotenoids (4,5,7,13,14), chl a derivatives (9,10,12),
equinenone (11), 3-carotene (15), a-carotene (16), and internal standard
(trans-3-Apo-8'-carotenal) (8)
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Fig. 6 Total phenolic compound (TPC) content at each series of
extraction, A (PT-PBS), B (PT-ethanol-PBS), C (PT-acetone-PBS), D
(PT-methanol-PT), and E (PT-acetone-methanol-PBS), and
corresponding solvents, PBS [, including PT (pre-treatment), ethanol

organic extracts and is depicted in Table 4. For the aqueous ex-
tracts, the studied compounds—PBPs, polysaccharides, and phe-
nolic content—had significant influence on the antioxidant capac-
ity for ABTS™ assay (p <0.05), having polysaccharides a more
preponderant role. The negative correlation [r (x,y) =—0.71] ob-
served describes a high antioxidant capacity with the lower ICs,
and with the increment of content in such compounds. In NO™
assay, PBPs and polysaccharides were seen to contribute to the
major bioactivity of the extracts (p < 0.05).

Regarding the organic extracts, chl and the carotenoids
showed to have a significant role concerning the bioactivity
in the ABTS™ assay (p <0.05), while for the NO™, none of
the studied compounds was observed to contribute directly to
the antioxidant capacity.

Discussion

From a biotechnological perspective, Chroococcidiopsis sp.
holds potential as a new source of metabolites bearing

Table4 Correlation between the antioxidant capacity (ICso) of ABTS™
and NO'™ assays and the content of the chemical characterized
compounds in both aqueous and organic extracts, by using Pearson

[, acetone [] and methanol [#]. The results are reported as mean = SD
(n=3). Different letters mean p<0.05 (one-way ANOVA, Tukey’s
multiple comparisons test)

antioxidant properties, with eventual application in food,
nutraceuticals, or cosmetics. Its mucilaginous envelope, rich
in polysaccharides, is likely to make extraction of certain in-
tracellular compounds (i.e., pigments) more difficult—so
there is room to improve and optimize extraction methodolo-
gies, always resorting to GRAS solvents; this guarantees their
acceptance by the food industry, abiding the biorefinery con-
cept. Therefore, this study tested different combinations of
extraction methodologies with GRAS solvents, with extracts
screened for antioxidant potential (and cytotoxicity) and
targeted at potential antioxidant compounds, namely pigments
and phenolic compounds, in view of their expected biotech-
nological applications.

Finding strategies to remove the complex polysaccharide in
the envelope of Chroococcidiopsis sp. would aid toward
higher recovery of total pigments (chl a, carotenoids, and
PBPs). A preliminary study encompassing a number of chem-
ical pretreatments (with H,SO,4, NaOH, PBS, acetone, and
DMSO 20% and 100% (v/v)) of Chroococcidiopsis sp. bio-
mass was performed, and their influence on pigment content

product-moment correlation. The variables in bold have a statistical rela-
tionship (p < 0.05) with the antioxidant capacity

Aquous extracts (n=9)

Organic extracts (n=17)

Xyariable Yyariable ry) ° pvalue Xyariable Yyariable r(xy) #  pvalue

ABTS™ ICso PBP content -0.57 033 1.54x10-3 ABTS™ICs, Chl content -0.85 0.72 3.06x10-2
Polysaccharide content -0.71 045 1.55%x10-3 Total carotenoid content -095 092 2.62x10-3
Phenolic compound content —0.59 046 1.22x10-2 Phenolic compound content  0.67 045 1.421x10""

NO™ ICsp PBP content -0.68 035 2.68x10-3 NO™ ICsg Chl content —0.44 020 3.795x107"
Polysaccharide content -0.56 032 1.86x10-2 Total carotenoid content -0.50 025 3.10x107"
Phenolic compound content —0.01  0.00 9.55 x10" Phenolic compound content 0.49 024 3.21x107"
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was ascertained after successive extraction with methanol (to
extract chls and carotenoids) and phosphate saline solution (to
extract PBPs). The best pre-treatment was with PBS, which
increased the overall pigment extraction (up to 20%), follow-
ed by the DMSO 20%, the control, and the acetone, while the
lowest overall pigment extraction was noticed in the pre-
treated biomass with DMSO (100%) and NaOH. The results
support the hypothesis that PBS solvent helped remove the
mucilaginous envelope, because it doubled the content of
chl a and also improved the PBP content (compared to the
control), thus making such pigments more bioavailable and
easier to be extracted. The mucilaginous envelope is mainly
composed of polysaccharides and an S-layer (encompassing
acid-, sulfate-, and beta-linked polysaccharides) (Billi et al.
2001; Budel 2011), which accounts for high polarity that turns
this structure soluble in aqueous solvents (Bazaka et al. 2011).
Owing to the presence of multi-OH groups, it highly favors
the dissolution of such polymers and a strong interaction
molecule-molecule and molecule—water is established via hy-
drogen bonding. Thus, the most polar solvents used in this
study DMSO 20% or even methanol by itself (i.e., control)
also seemed to have good pigment extraction.

Alkaline pre-treatment seemed to be ineffective in remov-
ing the polysaccharides present at the cell walls, contrary to
the acid pre-treatment with sulfuric acid. In fact, several labo-
ratory methods employ acid hydrolysis to dissolve polysac-
charides (Challouf et al. 2011). For some polysaccharides, the
acidic environment tends to protonate the amino groups and
the level in water solubility increases (Guo et al. 2017) which
probably helped in the mucilage dissolution. On the other
hand, DMSO (100%) had a lower apparent pigment extraction
yield. DMSO is an organic and potent solvent known to dis-
solve both polar and non-polar compounds which suggest an
easy penetration of the barrier sheath and promotion of the
extraction of a big portion of intracellular metabolites, inclu-
sively chlorophylls and carotenoids (Capriotti and Capriotti
2012). This is supported by the deep green dark color of this
pre-treated extract (data not shown). However, this solvent
was not selected for the subsequent work as our goal was to
take advantage of the polarity of different GRAS solvents to
obtain the most relevant classes of bioactive and antioxidant
compounds (in more purified form). Therefore, PBS was the
chosen solvent to apply in the biomass as pre-treatment.

Regarding antioxidant capacity, assessed via both ABTS™
and NO™ assays, organic and aqueous successive extracts
(including the one with pre-treatment) unfolded a good bioac-
tive potential of the cyanobacterium, here exploited. ABTS is
one of the most common methods to assess general antioxi-
dant capacity—since the free radical cation ABTS (ABTS™)
can be scavenged by both lipophilic and water-soluble com-
pounds present in the samples. This method has been claimed
as more effective and accurate than others, e.g., DPPH (Singh
et al. 2017a). On the other hand, the radical anion nitric oxide
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(NO™) is a biological molecule occurring naturally in the hu-
man body where it is free to react with superoxide and form
peroxynitrite (ONOQ") that can interfere with the regular mo-
lecular and physiological function of cells. It has been hypoth-
esized to trigger several human diseases, including immune
and neurodegenerative disorders and may also play a delete-
rious role in cancer development (Knott and Bossy-Wetzel
2009; Salimian Rizi et al. 2017; Smallwood et al. 2018).
This is why such an assay can provide meaningful insight,
from a biotechnological perspective, as long as free radical
NO™ possesses biological interest toward the development
of relevant human diseases.

In both assays, the pre-treated extract was found to be the
most bioactive, in view of its lowest ICs values. Such behav-
ior may be rationalized by the high content in PBPs in com-
bination with the high concentrations in cyanobacterial poly-
saccharides. The latter can be associated with external pig-
ment scytonemin and were both found as constituents of the
mucilaginous sheath of Chroococcidiopsis sp. cells. They
have been reported in several cyanobacteria and are claimed
to possess important antioxidant properties (Abed et al. 2009;
Parwani et al. 2014; Cruz et al. 2020; Stoyneva-Gértner et al.
2020). Although this study have quantified scytonemin, this
was not considered to be correlated with antioxidant capacity
because its content was considered marginal (0.01%pw). In
nature, this pigment is usually present in cyanobacterial mu-
cilaginous matrices under environmental stress conditions.
Those are meant to protect cells against environmental
stressors (i.e., low PAR/UV-radiation, desiccation) (Garcia-
Pichel and Castenholz 1991; Rastogi et al. 2014). The muci-
laginous sheath of Chroococcidiopsis is associated with the
production of the external pigment scytonemin known to
function as part of an effective cellular defense mechanism
against the production of reactive oxygen species and damage
to DNA (Matsui et al. 2012; Richa Pathak et al. 2018).

The organic extracts with higher biotechnological potential
were the acetonic one (serie C) and the methanolic one (serie
D), as assayed by ABTS™ and NO'", respectively.
Carotenoids and phenolic compound have been widely de-
scribed as major contributors to the antioxidant capacity of
microalgae and cyanobacteria (Sakata et al. 1994; Miranda
et al. 1998; Goiris et al. 2012) and are probably responsible
by the aforementioned bioactivity to a great extent. This is in
agreement with the high content of carotenoids in the metha-
nolic extract (serie D), which stood out not only for its high
content in carotenes (i.e., [3-carotene, x-carotene and deriva-
tives, lycopene), but also for its high content in xanthophylls
(i.e., echinenone, zeaxanthin, and derivatives). Carotenoids
such as lycopene have even a higher antioxidant activity than
other natural antioxidants (i.e., 3-carotene, zeaxanthin, x-to-
copherol) (Amarowicz 2011). Despite the acetonic extract
(serie C) exhibiting low ICs, value (ABTS), it just ranked
second in terms of total carotenoid content, along with a low
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TPC suggesting that other types of metabolites with bioactive
properties may be involved. Note that some studies are con-
troversial regarding the direct correlation between the contents
of carotenoids and phenolic compounds versus antioxidant
capacity (Goh et al. 2010; Maadane et al. 2015). Li et al.
(2007), when evaluating the phenolic profile and the total
carotenoid content of fractionated extracts from several types
of microalgae and cyanobacteria, have reported a poor corre-
lation between those parameters. It should be highlighted that
cyanobacterial and microalgal matrices possess other types of
antioxidant compounds, e.g., polyunsaturated fatty acids and
vitamins (i.e., o-tocopherol) (Miranda et al. 1998; El-Baky
et al. 2003; Guedes et al. 201 1a; Safafar et al. 2015) which
can be indirectly extracted, and thus, synergistically and an-
tagonistically influence the antioxidant capacity of the said
extracts. On the other hand, chls and their derivatives (i.e.,
pheo) can also show bioactivity and free radical scavenging
capacity (Hsu et al. 2013), which justify the results pertaining
to the bioactivity of the organic extracts. Interestingly, pheo
was found in the lowest (organic) ICs, of the acetonic extract
(serie C); this pigment is considered one of the strongest anti-
oxidants among the chls (Hsu et al. 2013).

A particular remark goes to the NO™ results, in that the
aqueous extracts exhibited the highest scavenging capacity.
These results arise once again, from the presence of content
high in polysaccharides and PBPs (in particular PC and APC).
For instance, PC has been reported as having important anti-
oxidant properties against such reactive oxygen species as
hydroxyl and peroxyl (Mysliwa-Kurdziel and Solymosi
2016), as well as peroxynitrite (ONOO ) (Bhat and
Madyastha 2001) and nitric oxide (Thangam et al. 2013). In
addition, the scavenging ability of PC (and its chromophore,
phycocyanobilin) had been reported before by Bhat and
Madyastha (2001), specifically against peroxynitrite in
Arthrospira platensis. This may help explain their affinity
with nitric oxide products, along with the best performance
of'the aqueous extracts (Bhat and Madyastha 2001). Although
no relationship was established between the content in pheno-
lic compounds and the bioactivity in NO™ (Table 4), such
compounds have been described as having high antioxidant
capacities (Freile-Pelegrin and Robledo 2013) and can estab-
lish potential synergetic or antagonistic effects with other
uncharacterized bioactive compounds present in the complex
cyanobacterial matrices.

In addition, the different extracts possess different antioxidant
compounds, which are able to scavenge different types of free
radicals (ABTS™ and the NO™ in this case). This is consistent
with the studies by Goh et al. (2010), who showed an antioxi-
dant capacity in both non-polar and polar solvents of the marine
diatom Navicula clavata and the green microalgae Chlorella
marina and Dunaliella salina. Furthermore, comparing the an-
tioxidant capacity data of Chroococcidiopsis sp. with other
cyanobacterial and microalgal extracts (e.g., Amaro et al.

2015; Pagels et al. 2020), the ICs, values obtained in the
ABTS™ and NO™ revealed to be slightly higher. For instance,
lower ICs values (2—4-fold than our strain) in organic extracts
of cyanobacterium Cyanobium sp., the same species, displayed
higher antioxidant capacity in its aqueous extracts—3-5 fold
lower compared to our study (except for the pre-treatment).
Similar trends were shown in the NO™ assay, when compared
to the cyanobacterium Gloethece sp. and Scenedesmus obliquus
(Amaro et al. 2015), Nannochloropsis oculata, and Gracilaria
gracilis (Ebrahimzadeh et al. 2017). Yet, it is worth mentioning
that in the latter studies (e.g., Amaro et al. 2015; Pagels et al.
2020) bioactive compounds production was optimized, while in
this study, Chroococcidiopsis cultivation conditions were not
improved, in order to enhance the maximum production of an-
tioxidant compounds. For this reason, Chroococcidiopsis sp.
still has important antioxidant properties that are worth to be
deeply explored.

Assessment of antioxidant capacity in our cyanobacterial
extracts is important to evaluate their potential bioactivity and
thus eventual use in the food or pharmaceutical industries.
However, cytotoxicity is also an important factor to take into
account, so as to guarantee that there is no risk to human or
animal health. The assay performed here resorted to hCMED
cells. This is a broadly used model, being representative of the
endothelial tissues widely spread in the human body. Such
endothelial cells are associated with tissues that promote pe-
ripheral vascularization and maintenance of such vital organs
as the heart, kidneys, liver, and skin (Rajendran et al. 2013).

The results demonstrated that pre-treated extract with the
highest antioxidant potential also displayed some degree of
cytotoxicity (in both concentrations tested).

In fact, most aqueous extracts showed loss of cellular viabil-
ity (up to 36-50%, at both tested concentrations). These results
were somewhat unexpected because these aqueous extracts are
rich in natural and non-toxic PBPs. For instance, PBP-aqueous-
rich extracts, obtained by successive extractions in cyanobacte-
rium Cyanobium sp. did not possess cytotoxicity against human
liver cell line HepG2 (Pagels et al. 2020). Besides, this strain is
not reported to produce aqueous toxins (Ramos et al. 2018).

The most plausible explanation for such results is the pres-
ence of salts in the mass of extract (carried by the phosphate
saline buffer) for its putative unfavorable negative effect upon
cell viability. Cytotoxicity associated with PBS was described
previously for other cell lines (Schuerer et al. 2017).
Moreover, dissolution of the lyophilized PBS mass in neutral
pH water can induce pH alteration of the originally alkaline
cell medium (acidification), apparent in its orange/yellowish
coloration (data not shown). This means that the nature of the
extracts might slightly affect the pH of the media where cells
grow, and thus affect cell viability. The same effect was
shown in the 200 pg mL ! concentration tested, but for the
extracts exposed to solvent for over 48 h. Upon increase in the
concentration of the (aqueous) extract and time of the
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exposure, the cell viability is lost possibly due to pH alter-
ation, as mentioned above.

On the other hand, the successive organic extracts did not
show any signs of cytotoxicity, except the methanolic extract
of serie E. This extract showed a significant loss of cell viabil-
ity (up to 30%) at both concentrations tested. Upon extraction
with acetone, certain uncharacterized toxic compounds are
apparently unveiled in the next extraction. Interestingly, a
study including five different cyanobacterial orders
(Synechococcales, Oscillatoriales, Chroococcales,
Chroococcidiopsidales, and Nostocales) found that organic
extracts were more potent by inducing loss of cell viability,
than aqueous extracts (Shishido et al. 2020). However, the cell
lines (i.e., cancer cell lines) tested were different from those
here represented. Each algal extract has variable patterns of
cell inhibition intrinsically dependent on the species, extrac-
tion processing (i.e., single, successive extraction), the type of
extract produced (i.e., more polar or apolar), respective com-
position, and concentrations (i.e., Bechelli et al. 2011;
Maadane et al. 2015).

Pigments and phenolic compounds of microalgae and
cyanobacteria have been reported to possess important antiox-
idant, anti-inflammatory, neuroprotective, or antitumor proper-
ties (Goiris et al. 2012; Stramarkou et al. 2016; da Silva and
Sant’Anna 2017; Park et al. 2018; Haoujar et al. 2019). They
have also been explored by the food dye industry and for their
advantages when incorporated in animal feed. The cost of their
production process is expected to reduce based on optimization
of methods of metabolite recovery (greener and safer), coupled
with reuse of biomass within a biorefinery concept. This study
accordingly focused on the use of GRAS solvents, combined
with extraction to increase the content of a particular group of
compounds (i.e., pigments and phenolic compounds) and suc-
cessive extracts have indeed been demonstrated elsewhere to be
more efficient toward metabolite recovery than single steps
(Trivedi et al. 2016; Pagels et al. 2020).

In terms of pigment extraction, the results have shown that
the best overall extraction serie was D, especially with regard to
chl @ and carotenoids. Interestingly, when compared to seric E
that resorts to two organic solvents in a row (acetone and meth-
anol), the latter did enhance neither carotenoids nor chl content.
In many cases, acetone is extensively used to extract photosyn-
thetic pigments from microalgae and cyanobacteria, with a wide
range of polarity (Guedes et al. 2011b; Pasquet et al. 2011;
Amaro et al. 2015). However, solvents with polarity closer to
that of water, such as methanol (0.762), stood out in terms of
recovery of such compounds when compared to other methano-
lic extracts of different species of cyanobacteria, e.g.,
Pseudanabaena sp., Spirulina sp., and Lyngbya sp., with total
carotenoid contents of c.a. 0.92, 1.05, and 0.51 mg ngfl, re-
spectively (Paliwal et al. 2015); chl a ranged between 0.70 and
4.80 mg.gpyw ', with the highest value attained by Spirulina sp.
When compared to this study, Chroococcidiopsis sp. achieved
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better results regarding both carotenoids (1.72 +0.05 mg gpw )
and chl (5.06 +0.34 mg gpw ).

The pigment profile of organic extracts revealed that,
depending on the extraction successive processes, both
content and profile can be affected. Serie D, which attained
the highest content in carotenoids (ca. up to 18% of the total
pigment recovered), was shown to extract high quantities of
carotenes (- and f3-carotene, and lycopene), up to 66.2%
of the total analyzed carotenoid (profile), as well as xantho-
phyll, zeaxanthin, and some of their derivatives. On the
other hand, series B (ethanol) and C (acetone) were selec-
tive toward extraction of echinenone (xanthophyll) and ly-
copene (carotene). Such xanthophylls as zeaxanthin and
echinenone are found in cyanobacteria associated with
chlorophyll-binding polypeptides in the photosynthetic ap-
paratus (Grossman et al. 1995; Guedes et al. 2011b). This
might explain their relative polarity in more polar solvents
like ethanol or methanol. On the other hand, carotenes tend
to be more soluble in more apolar solvents (i.e., acetone),
because they are associated to protein complexes present in
the lipids that constitute both the cell membrane and the cell
wall (Hirschberg and Chamovitz 1994; Amaro et al. 2015).
The results are not consistent, at least those pertaining to the
extraction of carotenes with the more polar used solvent
(methanol), and also to selective extraction of lycopene in
the ethanolic extract. However, extraction efficiencies can
vary depending on the way the solvent penetrates the cell
walls and membranes (Hirschberg and Chamovitz 1994).
Pre-treatment with PBS could have influenced such a de-
gree of penetration and contributed to the bioavailability of
certain classes of carotenoids in the biomass extracts of
Chroococcidiopsis sp.

Note that the most abundant pigments in the organic ex-
tracts, besides chl a and derivatives, included not only xan-
thophylls, echinenone, and zeaxanthin, but also carotenes
such as lycopene, 3-carotene, and «-carotene derivatives. It
is known that {3-carotene and zeaxanthin are among the pre-
vailing carotenoids present in cyanobacteria, yet their content
varies across species or strains (Takaichi and Mochimaru
2007). Other types of ketocarotenoids, e.g., echinenone or
canthaxanthin, are also commonly found in cyanobacteria,
as well glycosylated carotenoid mixoxantophyll (Hirschberg
and Chamovitz 1994; Takaichi and Mochimaru 2007; Lopes
et al. 2020). The results of Chroococcidiopsis sp. extracts are
in agreement with the presence of 3-carotene, zeaxanthin, and
echinenone, but myxoxanthophyll or canthaxanthin was not
detected in any extract. Cyanobacteria possess a great diver-
sity of metabolic pathways and production of several metab-
olites, including pigments, thereby are regulated by a wide
range of enzymes and genes with specific functions
(Takaichi and Mochimaru 2007). Presence (or absence) of
certain carotenoids (and the associated different profiles) is
thus dictated by the evolution of those metabolic routes in
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cyanobacteria, in order to adapt to the ecological niches where
they are inserted.

Concerning the results on pertaining to the total PBP con-
tent and profile, all successive extracts were able to recover
PC, APC, and PE with the extract of the pre-treatment being
the best in extracting all those pigments at once. When organic
solvents are employed in the successive extraction, the content
of PBP is significantly reduced to a half when compared to the
PBS extraction in serie A. Organic solvents can influence the
PBP bioavailability by solvation process (Khabiri et al. 2013).
Such interaction between the (organic) solvent and the PBPs
can lead to the disruption of certain non-covalent forces that
may alter their conformation and ultimately, lead to protein
denaturation. This alteration in the protein conformation re-
veals significant alterations in their absorption spectrum (it
lowers) (Taylor and Feller 2002), which is concomitant with
lower concentrations of non-altered PBPs available in the suc-
cessive PBS extracts. It should be highlighted that successive
extraction with methanol (serie D) seems to keep the PBP in at
slightly higher concentrations, possibly because methanol has
a more polar nature (closer to that of water) and more a higher
affinity to the PBPs, than acetone or ethanol.

In addition, PBPs appear to have a significant contribution
to the total pigment content of Chroococcidiopsis. In serie A,
together with pre-treatment, PBPs accounted for 14% of DW.
In fact, PBPs can account for up to 20% of cyanobacterial
DW, besides contributing to 40-60% of the total proteins in
the whole cell (Bogorad 1975).

When compared to other studies available in the literature,
Chroococcidiopsis sp. has a low content of PBPs. For in-
stance, Hossain et al. (2016) studying different types of
cyanobacteria, including Oscillatoria sp., Lyngbya sp.,
Microcystis sp., and Spirulina sp., reported ca. 78, 127, 75,
and 19 mg gpw ', respectively. The low PBP content found in
this study was confirmed upon comparison with the data of
Pumas et al. (2011), who attempted to determine the thermo-
stability of PBPs in four cyanobacterial strains. They reported
the highest total PBP content as 181.63 mg gpw ' in
Leptolyngbya sp. KC45, followed by Phormidium sp. PD40-1,
Cyanosarcina sp. SK40, and Scytonema sp. TP40 which
attained a PBP total content of 165.47, 72.55, and 37.50 mg
gpw |, respectively. Despite the low results in this study, culture
conditions can be optimized in order to improve the production
of such pigments, thus turning this cyanobacterium into a poten-
tial valuable source of PBPs.

Another note goes to the scytonemin quantified in the pre-
treatment extract. In this study, scytonemin reached a maxi-
mum value of 0.127 mg gpw ' (0.01%pw). This extracellular
pigment can attain up to 5% of the DW in cyanobacterial cul-
tures, but in nature, its content may be much higher (Rastogi
et al. 2014). It is usually produced under stress conditions, in
particular high levels of light intensity, as so is considered a
photoprotector pigment of cyanobacterial cells, its synthesis is

particularly triggered by UV radiation balanced with light PAR
at a suitable UV/PAR ratio, and it is able to exert a strong free
radical scavenging activity (Wada et al. 2013).

Series D entailed the best extraction series in terms of re-
covery of pigments in Chroococcidiopsis sp., including PBPs
extracted in the pre-treatment. However, the total content in
pigments does not lie in the same range of those discussed
elsewhere (Pumas et al. 2011; Paliwal et al. 2015; Hossain
et al. 2016), except for the study by Paliwal et al. (2015)
regarding carotenoid and chl contents. Such a comparison
should take into account that different solvents, as well as
different extraction methods (and duration of extraction), can
influence total pigment contents. For instance, Lopes et al.
(2020) studied pigments of five different terrestrial and aquat-
ic cyanobacteria in both acetone and ethanol and concluded
that acetone was more effective in extracting pigments (chls
and carotenoids) in quantity, when compared to those obtain-
ed via ethanol. Moreover, the conditions under which
cyanobacteria are exposed during growth (i.e., light, temper-
ature, pH, nutrients) and their inherent genetic capacity to
produce certain pigments (species- or strain-dependent) also
interfere with the concentrations and ratios of the various pig-
ments (EI-Baky et al. 2003; Saleh et al. 2011; Maadane et al.
2015; Paliwal et al. 2015).

The results on TPC have shown that the phenolic com-
pounds present in Chroococcidiopsis sp. biomass possess dif-
ferent polar characteristics. This is found throughout the various
series, in particular that presenting the highest results (serie B)
(1.47 £0.19 mggag ngfl) in which ethanolic and PBS frac-
tions accounted cumulatively for the highest content of such
compounds (1.98 £0.19 mggar ngfl ). It should be highlight-
ed that the extract with pre-treatment includes also a major
portion of TPCs of polar nature (1.64 £0.02 mggag ngfl).
The results produced by serie D, in particular the methanolic
fraction, were not so good when compared to those from the
other series (0.68 £0.04 mggar ngfl). Several studies indi-
cate that methanol is one of the best solvents to extract phenolic
compounds (in particular those with strong antioxidant activity)
from different cyanobacterial and microalgae species (e.g.,
Spirulina sp., Chlorella sorokiniana, Chlorella marina,
Dunaliella salina, and Desmodesmus) (Miranda et al. 1998;
Manivannan et al. 2012; Hemalatha et al. 2013; Safafar et al.
2015). Such a solvent is claimed as one of the best in terms of
disintegration of cell membranes (Klein et al. 2012). When
compared to other studies, the methanolic fraction (serie D) of
our study showed low concentrations of TPC. Ijaz and Hasnain
(2016) found a value of TPC of 4.32 mggag gDV\f1 for
Chroococcidiopsis sp. SI-ST when using 70% methanol. In
the same study, the authors reported the highest value of TCP
for Leptolyngbya sp. SI-SM, with 12.6 mggag gow » as well
as 12.4 mggag ngfl for Calothrix sp. SI-SV. On the other
hand, Hossain et al. (2016) found a high concentration of TPC
in Lyngbya sp., ca. 5.02+0.20 mggar gow @ in aqueous
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extracts, followed by Oscillatoria sp. with 2.96 £0.14 mggag
gow ' Microcystis sp. with 2.65+0.01 mggar gow > and
Spirulina sp. with 1.78 £0.07 mggag ngfl (Hossain et al.
2016). Further comparisons should consider that TPC depends
on the intrinsic characteristic of the microorganism studied and
its growth conditions (i.e., light, nutrients, stress exposure), in
addition to the extraction method and the solvents used (Li et al.
2007; Maadane et al. 2015; Safafar et al. 2015).

In brief, Chroococcidiopsis sp. demonstrated a high bio-
technological potential. The results provide some clues about
the putative applications of its extracts, in particular for food,
feed, nutraceuticals, or cosmetics, as they can exert antioxi-
dant properties and are rich in polysaccharides and in a num-
ber of pigments like chls, carotenoids, PBPs, or scytonemin,
and in phenolic compounds. The high content of some of such
compounds (in particular polysaccharides, PBPs, and
scytonemin) was reflected in a superior free radical scaveng-
ing capacity of the pre-treated extract which makes it quite
appealing to the functional food/feed industries, as well as
cosmeceutical (i.e., topical formulations with antioxidant
properties) and dye industry. Despite the signs of cytotoxicity,
further studies are suggested with different models of cells, in
order to assess in more detail the possible risk to human and
animal health.

The organic extracts also proved promising, in partic-
ular the methanolic extract (serie D) owing to its high
antioxidant capacity, absence of harm to human endothe-
lial cells, and richness in chls, carotenoids, and phenolic
compounds. The profile of carotenoids included high
quantities of carotenes (x- and [(3-carotenes, lycopene)
and xanthophylls (echinenone, zeaxanthin). Those are
non-toxic and biodegradable pigments, with likely appli-
cation in the dyes and feed/food/nutraceutical fields, as
part of product formulation to be included in human or
animal diets and meant to help prevent diseases related to
oxidative stress.

The ethanolic extract (serie B) also showed a high potential
in terms of phenolic compounds—and the extra advantage of
being non-cytotoxic; hence, potential applications in
feed/food/nutraceuticals or cosmetics are envisaged.

In a view of the biorefinery concept and the goal of a safer
and greener process, seriec D was shown to be the best in
recovering the major content in terms of pigments, and B
was found to best in recovering phenolic compounds.

Finally, Chroococcidiopsis sp. is a potential source of
bioactive (antioxidant) compounds, including pigments
and such other antioxidant compounds as polysaccharides
and phenolics, to be applied as dyes, or else in the nutra-
ceutical, cosmetic, and food/feed fields. At the same time,
successive extractions permitted optimization of metabo-
lite recovery, toward a safer and greener process method-
ology, to be integrated with biorefinery concept so as to
minimize processing costs.
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