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Abstract: Microalgal biotechnology is gaining importance. However, key issues in the pipeline from
species selection towards large biomass production still require improvements to maximize the yield
and lower the microalgal production costs. This study explores a co-cultivation strategy to improve
the bioactive compounds richness of the harvested microalgal biomass. Based on their biotechno-
logical potential, two diatoms (Skeletonema marinoi, Cyclotella cryptica) and one eustigmatophyte
(Nannochloropsis oceanica) were grown alone or in combination. Concentrations of ten vitamins (A, By,
By, Bs, Byp, C, Dy, D3, E and H), carotenoids and polyphenols, together with total flavonoids, sterols,
lipids, proteins and carbohydrates, were compared. Moreover, antioxidant capacity and chemopre-
ventive potential in terms inhibiting four human tumor-derived and normal cell lines proliferation
were evaluated. Co-cultivation can engender biomass with emergent properties regarding bioactivity
or bioactive chemical profile, depending on the combined species. The high vitamin content of C.
cryptica or N. oceanica further enhanced (until 10% more) when co-cultivated, explaining the two-fold
increase of the antioxidant capacity of the combined C. cryptica and N. oceanica biomass. Differently,
the chemopreventive activity was valuably enhanced when coupling the two diatoms C. cryptica and
S. marinoi. The results obtained in this pilot study promote microalgal co-cultivation as a valuable
strategy aiming to boost their application in eco-sustainable biotechnology.

Keywords: microalgae; vitamins; bioactivity; polyphenols; antioxidant activity; biomass;
blue biotechnology

1. Introduction

Microalgae are undoubtedly part of the future of eco-sustainable biotechnology, as a
resource or source of biomass for the production of nutraceuticals or cosmeceuticals, as
well as for processes related to wastewater treatments or bioenergy [1]. The same biological
and ecological properties allowing them to be widespread microbes in all the aquatic envi-
ronments [2,3], can be exploited in the biotechnological sector. Their small size determines
a lower resource requirement compared to higher plants, while their unicellular nature
makes them appealing for efficient large-scale production processes, being unnecessary
the separation from waste and recalcitrant matter. Although the microalgal market is
increasing all over the world [4,5], mainly thanks to only a few species (e.g., Spirulina,
Chlorella, Dunaliella, or Haematococcus: [6]) and/or to some products (such as carotenoids,
e.g., astaxanthin [7]), microalgal biotechnology is still in its infancy [8]. In addition, the
promises—and premises—of microalgal biotechnology extending in different fields, the
economic feasibility constitutes the main drawback of large-scale production [9-11]. Many
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studies highlight the need for further (bio-) technological improvements [12,13] aiming to
lower the costs and/or to increase microalgal productivity. Improvements would regard
different endpoints of the pipeline development for microalgal production. Firstly, the
number of species used as a resource needs to be increased and diversified, targeting
species with biological interests in terms of growth and richness of compounds produced.
For this purpose, a gap of knowledge on some bioactive components in microalgae, such
as vitamins or polyphenols content, is noteworthy [14,15]. Indeed, the bioactivity of these
compounds is highly promising in terms of human health benefits [14-16]. An extended bio-
prospecting of microalgal biodiversity and chemodiversity, focusing on different families of
compounds, is urgently required. A second aspect concerns the cultivation, aiming to lower
the costs and/or enhance the quality or quantity of harvested biomass [12,13,17]. Indoor
cultivation leads to a more controlled growth, conversely to outdoor microalgal cultivation
strategy [18,19]. It allows the control of key variables, such as light, nutrient supply, CO,,
temperature and mixing driving microalgal biomass yield. Recent findings highlighted the
relevance in well-tuning light or mixing to enhance the microalgal productivity [10,19-24].
Asides from physical or chemical improvements, biological manipulation might be also
undertaken. An example is represented by the co-cultivation of microorganisms [25].
Bacteria-microalga or yeast-microalga co-cultivation already showed promising results for
biotechnological purposes [26,27], such as for the production of vitamins [14] and might
represent a valuable road to both lower the costs and improve the production. The present
study explores this overall strategy, with the aim to evince the advantages of co-cultivating
two different microalgal species in producing an enriched bioactive biomass. If the co-
cultivated species tolerate each other—as it occurs in nature while growing/competing for
the same few resources, such as light or nutrients (the so-called “plankton paradox” [28])—it
is expected that the harvested biomass shares the chemodiversity of the two species. How-
ever, it is not excluded that species interactions could lead to the synthesis of specific
compounds. For instance, in terrestrial plants, polyphenols are involved in the biochemical
response elicited by interspecific interactions [15,29]. Three marine microalgal strains
with biotechnological potential were selected in this study, namely two Bacillariophyceae
Skeletonema marinoi (CCMP 2092, S.m.) and Cyclotella cryptica (CCMP332, C.c.) and the
Eustigmatophyceae Nannochloropsis oceanica (CCMP1779, N.o.). These species have biotech-
nological potential: S.m. is used as feed stock in aquaculture [30], while C.c. and N.o. are
rich in lipids and promising as biofuel production sources [31,32]. N.o. is also investigated
for human nutrition complements [33].

A comparative analysis of the macromolecular composition (proteins, lipids, carbohy-
drates), alongside with the vitamins content (A, By, By, Bg, Bi2, C, Dy, D3, E and H), total
sterols, carotenoids, polyphenols and flavonoids concentrations among the mono- and
the co-cultures was conducted. Antioxidant capacity was estimated with both ABTS and
DPPH assays [34]. In vitro viability assays on three human tumor-derived and one normal
cell lines were performed to assess the potential chemopreventive effect of the extracts from
microalgal mono- or co-cultivation. This study investigates for the first time the almost
complete vitamins profile together with the concentration of different families of bioactive
compounds in microalgal biomass, challenging the role of co-cultivation in maximizing
their yield.

2. Materials and Methods
2.1. Microalgal Species and Cultivation

Our study targeted three marine microalgal strains (obtained from the National Center
for Marine Algae and Microbiota, Bigelow Laboratory, East Boothbay, ME, USA; Table S1):
Skeletonema marinoi (CCMP 2092, S.m., Bacillariophyceae,), Cyclotella cryptica (CCMP332,
C.c., Bacillariophyceae) and Nannochloropsis oceanica (CCMP1779, N.o., Eustigmatophyceae).

Microalgae were grown at 2 °C in flasks (50 to 250 mL) in autoclaved seawater, pre-
filtered through a 0.7 um GF/F glass-fiber filter and enriched with F/2 culture medium
nutrients [22]. Cells were grown with a photoperiod of 12:12 dark:light under a sinusoidal
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white light distribution with a midday light intensity peak of 150 pmol photons s~ m 2, fol-
lowing previous protocols and results [23,35,36]. White light, composed by Red:Green:Blue
(10:40:50), was provided by a custom-built LED illumination system [37]. Light intensity
was measured inside each flask with a PAR 4 sensor (QSL 2101, Biospherical Instru-
ments Inc., San Diego, CA, USA), while the spectral composition was measured by using a
spectroradiometer (Hyper OCR I, Satlantic, Halifax, CA, USA).

2.2. Experimental Strategy and Sampling

As a first step, six cultures—three monospecific and three couples of species—were
grown in 50 mL flasks to test the co-cultivation potential and to assess the growth rate
of each species. Daily microalgal counts were carried out to characterize the growth
curve for each species. Once verified their compatibility, a scale-up was performed in 2 L
carboys with air bubbling. All experiments were run in triplicate. The day after that the
species—or at least one species in co-culture—reached the exponential growth phase, cells
were exposed to a gradual 6 h-light increase from dark (dawn) to 600 pmol photons s!
m~2 (midday) to boost the bioactive compound synthesis [24] and then collected at midday.
Cells were centrifuged at 2000 g for 15 min at 4 °C (DR15P centrifuge, B. Braun Biotech
International, Melsungen, Germany). Pellets were flash-frozen in liquid nitrogen and
stored at —20 °C and subsequently lyophilized in a Freeze Dryer Modulyo (Edwards). Dry
weight was accurately measured (dry weight, mg™! DW). Antioxidant activity, bioactivity,
macromolecular composition and bioactive compounds concentration of the biomass were
then analyzed (Figure S1).

2.3. Cell Concentration and Microalgal Growth Rate

Cells were counted with a Zeiss Axioskop 2 Plus light microscope.; 1 mL of culture was
added in a Sedgewick Rafter counting cell chamber. Nannochloropsis oceanica was counted
using a Biirker counting chamber. Growth rate was estimated from cell concentration
measurements using the following equation:

p(d™ 1 =Ln(Cpy/Cluny)/(Tn — Tuony), 1)

where p is the growth rate, C(,_1) and C;, are cell concentrations (mL~1) at day T(,_1y and
day T, respectively.

2.4. DPPH (2,2-Diphenyl-1-Picrylhydrazyl) Assay

An aliquot of 50 mg of dried algal powder was used to test the ability of the extract
to scavenge 2,2-diphenyl-1-picrylhydrazyl (DPPH, CAS No. 1898-66-4, cat. No. 257621,
Sigma-Aldrich, Saint Louis, MO, USA). Microalgal dried biomass was re-suspended in 500
uL of methanol and shacked vigorously for 2 min. The solution was sonicated for 1 min with
a micro tip at 20% output on ice (5-250A Branson Ultrasonic, Brookfield, CT, USA) and then
the tubes were centrifuged at 3900 g for 15 min at 4 °C. The supernatants were transferred
into fresh tubes at a concentration of 100 pg mL~! and then in a 96 well plate (transparent
flat bottom, TPP Techno Plastic Products AG, Trasadingen, Switzerland), adding DPPH
(previously dissolved in methanol) at a final concentration of 0.1 mM and kept for 30 min
in the dark. The scavenging assay was performed in triplicate and the results were ex-
pressed as percentage reduction of the initial DPPH™ radical absorption at 517 nm using a
Microplate Reader: Infinite® M1000 PRO (TECAN, Minnedorf, Switzerland). Results were
calculated according to the equation: DPPH % Inhibition = [(Ag — A1)/Ap] x 100, where
Ay = absorbance of DPPH* and A= absorbance of sample.

2.5. ABTS (2,2'-Azinobis-3-Ethylbenzothiazoline-6-Sulphonic Acid) Assay

An aliquot of 50 mg of dried algal powder was used to test the ability of the ex-
tract to scavenge ABTS" radical. Microalgal dry biomass was re-suspended in 500 pL
of methanol and shacked vigorously for 2 min. The solution was sonicated for 1 min
with a micro tip at 20% output on ice (5-250A Branson Ultrasonic) and centrifuged at
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3900x g for 15 min at 4 °C. then, an aliquot of 10 pL of sample was mixed with 990 pL
of an ABTS* solution and kept for 6 min at 30 °C. The ABTS" solution was prepared as
follow: ABTS (CAS No. 30931-67-0, Sigma-Aldrich, St. Louis, MO, USA) was weighed
and dissolved in water, with a final concentration of 7 mM. Potassium persulfate (CAS
No. 7727-21-1, Sigma-Aldrich, St. Louis, MO, USA) powder was weighed and dissolved
in water with a final concentration of 2.45 mM. To form the ABTS" radical, an equal
volume of ABTS and potassium persulfate solution was mixed and stored in darkness
at room temperature for 12 h. The ABTS* solution was then diluted with methanol to
reach an absorbance of 0.70 & 0.02 AU, measured in a UV-VIS spectrophotometer (UV/VIS
Spectrophotometer Lambda 35, Perkin Elmer, Waltham, MA, USA) at 734 nm. After in-
cubation of the sample with ABTS" solution, the absorbance was read at 734 nm using a
UV-VIS spectrophotometer (UV /VIS Spectrophotometer Lambda 35, Perkin Elmer). The
scavenging assay was done in triplicate and the results were calculated according to the
equation: ABTS* % Inhibition = [(Ag — A1)/Ao] x 100, where Ay= absorbance of ABTS*
and A;= absorbance of sample.

2.6. Total Carbohydrate Content

Total carbohydrate concentration was determined on 30 mg of dried algal powder
with the phenol-sulfuric acid method, slightly modified from [38]. The dried biomass
was re-suspended in 1.8 mL of 1 M sulfuric acid and heated at 95 °C for 2 h. After
cooling at room temperature, the tubes were centrifuged (14,000 g for 10 min). Phenol
(0.2 mL) was added to 0.4 mL of sample, then 1 mL of concentrated sulfuric acid was
added. After 30 min at room temperature, the absorbance was read at 490 nm using a
UV-VIS spectrophotometer (UV / VIS Spectrophotometer Lambda 35, Perkin Elmer). The
total carbohydrates concentration was quantified referring to a calibration curve using
glucose as standard.

2.7. Total Protein Content

Dried microalgal powder (15 mg) was re-suspended in 500 pL of RIPA Lysis and
Extraction Buffer (Thermo Fisher Scientific, Waltham, MA, USA) and sonicated for 90 s
(three pulses of 30 s with 30 s intervals between each pulse) with a micro tip at 20%
output on ice (S-250A Branson Ultrasonic). Samples were then centrifuged at 13,000x g for
8 min. The absorbance of an aliquot of 1.5 uL of the supernatant was read in triplicate in a
NanoDrop 1000 UV-Vis spectrophotometer at 280 nm and 260 nm to estimate the protein
concentration [39].

2.8. Total Lipid and Sterol Content

For total lipid concentration estimation [40], 100 mg of dried microalgal powder was
dissolved in 4 mL of methanol. Chloroform (2 mL) and water (0.4 mL) were then added
and the mixture was vortex-mixed for 30 s. Then, chloroform (2 mL) and water (2 mL) were
added and the mixture was vortex-mixed for additional 30 s. The tubes were centrifuged
at 600x g for 10 min. After discarding the upper layer, the lower layer was transferred
into a fresh tube and the pellets were re-extracted in a solution of chloroform (2 mL) and
methanol (2 mL). The extract was passed through a layer of anhydrous sodium sulfate
using Whatman No. 1 filter paper in a funnel and then dried by rotary evaporation at 4 °C
and weighted. The dried total lipid content was used for total sterol concentration (TSC)
estimation [41]. The lipid extract was re-suspended in 2.5 mL of chloroform, then 800 uL of
sample were mixed with 400 uL of Liebermann-Burchard reagent and incubated at 3 °C
for 30 min. The Liebermann-Burchard reagent, prepared in ice water, was composed by
30% glacial acetic acid, 60% acetic anhydride and 10% sulfuric acid. Anhydrous sodium
sulfate was added to the mixture at a final a concentration of 2%. The absorbance was read
at 617 nm, using a UV-VIS spectrophotometer (UV /VIS Spectrophotometer Lambda 35,
Perkin Elmer) and the sterol concentration was quantified thanks to a calibration curve
using cholesterol as standard.



Antioxidants 2021, 10, 1360

50f16

2.9. Total Polyphenol Content and Total Flavonoid Content

The total phenolic content (TPC) and total flavonoid content (TFC) of the microalgal
biomass were estimated in aliquots of 30 mg of dried powder. An aliquot of 150 pL of
the extract was mixed with 750 pL of Folin-Ciocalteu’s phenol reagent, pre-diluted in
distilled water 1:10 v/v. After 4 min, 600 uL of Na,CO3 (75 g L~1) were added to the
mixture and left 2 h at room temperature. Then, absorbance was read at 765 nm using a
UV-VIS spectrophotometer (UV / VIS Spectrophotometer Lambda 35, Perkin Elmer) and the
concentrations were estimated using gallic acid (GA) as standard [24]. TFC was estimated
by the aluminum chloride (AICl3) colorimetric method [24] as follows: an equal volume of
AICl3 2% was mixed to 600 puL of sample pre-diluted 1:2 v/v in methanol 80% v/v. The
mixture was left for 1 h at room temperature. Then, absorbance was read at 410 nm using a
UV-VIS spectrophotometer (UV / VIS Spectrophotometer Lambda 35, Perkin Elmer) and
the concentrations were estimated using quercetin (Q) as standard.

2.10. HPLC Analysis of Pigments

Pigment analysis was done following the protocol in [24]. Fifteen mg of dried algal
powder were placed in 2 mL of absolute methanol and pigments were extracted by mechan-
ical grounding for 3 min. After filtration of the homogenate onto Whatman 25 mm GF/F
filters, the volume of the extract was accurately measured. An aliquot of 500 puL of the
pigment extract was mixed to 250 pL of 1 M ammonium acetate and incubated for 5 min in
darkness at 4 °C. Injection of the extract in a Hewlett Packard series 1100 HPLC, equipped
with a reversed-phase column (2.6 mm diameter C8 Kinetex column; 50 x 4.6 mm.; Phe-
nomenex, Torrance, CA, USA) was carried out through a 50 puL loop. The mobile phase
was composed of two solvents mixtures: A, methanol:0.5 N aqueous ammonium acetate
(70:30, v/v) and B, absolute methanol with a flow rate set up at 1.7 mL min~!. During
the 12 min elution, the gradient between the solvents was programmed as follow: 75%
A (0 min), 50% A (1 min), 0% A (8 min), 0% A (11 min), 75% A (12 min). Pigments were
detected at 440 nm using a Hewlett Packard photodiode array detector model DAD series
1100, which provides the 400-700 nm spectrum for each detected pigment. Pigments were
identified based on their retention time and absorption spectrum, while pure standards
from the D.H.I. Water & Environment (Hersholm, Denmark) allowed their quantification.

2.11. Vitamin Determination

Dried microalgal powder (15 mg) was re-suspended in 500 pL of RIPA Lysis and Ex-
traction Buffer (Thermo Fisher Scientific, Waltham, MA, USA) and sonicated for 90 s (three
pulses of 30 s with 30 s intervals between each pulse) with a micro tip at 20% output on ice
(5-250A Branson Ultrasonic). The samples were then centrifuged at 13,000x g for 8 min.
Vitamins A, By, By, Bg, B12, C, Dy, D3, E and H were quantified performing a competitive
ELISA assay in 96 well plate (transparent flat bottom, TPP Techno Plastic Products AG,
Trasadingen, Switzerland): 5 uL of each microalgal extract, 45 pL of coating buffer solution
(0.05 M Carbonate-Bicarbonate, pH = 9.6) and 50 puL of primary antibody solution (primary
antibody 1:1000 dilution in TBS + 5% BSA + 0.05% Tween20®.; Table S2) were added in
each well and incubated at 37 °C for 1 h. After the incubation, 50 uL of secondary antibody
solution (Goat «-Rabbit HRP conjugated antibody 1:250 dilution in TBS + 5% BSA + 0.05%
Tween20®) were added in each well and incubated at 37 °C for 1 h. At the end of the second
incubation, 50 uL of TMB substrate 1x (Abcam, Cambridge, UK) were added in each
well and incubated at room temperature for 15 min. The absorbance was read at 450 nm
with the reference measurement at 620 nm, using a Microplate Reader: Infinite® M1000
PRO (TECAN, Minnedorf, Switzerland). The vitamin concentration (in ng mg~! DW) was
quantified referring to calibration curve using pure vitamins as standard.

2.12. HPLC Analysis of Phenolic Compounds

An aliquot of around 130 mg was used to determine the phenolic compounds profile
of the dried microalgal powder. Extraction was done in 2 mL of 75% aqueous methanol,
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with BHT (butylated hydroxytoluene, 1% final) to preserve polyphenol stability. Extraction
was performed with ultrasounds for 2 min followed by a 30 min lasting ultrasonic bath.
Then, the mixture was kept for 30 min at 4 °C. Extracts were then centrifuged at 1200x g
for 5 min and the supernatants were filtered on a 0.2 um polyamide membrane. The
supernatant was then injected in a Hewlett Packard series 1100 HPLC (Hewlett-Packard,
Wilmington, NC, USA) equipped with a 50 puL loop and a reversed-phase column (5 um
diameter C18 Kinetex column.; 250 x 4.6 mm.; Phenomenex, USA). The mobile phase, as
described in [42], consisted of 1% aqueous acetic acid solution (A) and 100% methanol
(B) with the following gradient: 90% A from 0 to 27 min, from 90 to 60% A in 28 min,
60% A for 5 min, from 60 to 56% A in 2 min, 56% A for 8 min, from 56 to 90% A in
1 min and 4 min 90% A. The flow rate was constant at 1 mL min~!. Chromatograms were
acquired at three different wavelengths (264, 278 and 310 nm). Phenolic compounds were
identified based on their retention time and absorption spectrum (registered between 220
and 450 nm) and with comparison with nineteen pure standards (Merck KGaA, Darmstadt,
Germany) allowing the quantification of these compounds. Due to experimental problems,
the phenolic compounds analysis provided reliable results only for the mono-cultivated
S.m. and C.c.

2.13. Human Cell Lines and MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide) Assay

Four human cell lines were used to perform the MTT assay: prostate cancer (PC3;
ATCC number: CRL-1435), melanoma (A2058; ATCC number: CRL-11147), colon-rectal
adenocarcinoma (HT-29; ATCC number: HTB-38) and normal prostate epithelium (PNT2;
ECACC95012613). The cell lines A2058 and HT29 represent primary tumor cells, while PC3
cell line derived from prostate cancer metastasis in bone marrow in a disease state IV. PNT2
cell line was established by immortalization of normal adult prostatic epithelial cells by
transfection with a plasmid containing SV40 genome with a defective replication origin. The
PNT2 cell line was grown in RPMI 1640 supplemented with 10% (v/v) fetal bovine serum
(FBS), 100 units mL~! penicillin, 100 units mL~! streptomycin and 2 mM of L-glutamine,
in a 5% CO, atmosphere at 37 °C. The PC3 cell line was grown in RPMI 1640 supplemented
with 10% (v/v) FBS, 100 units mL penicillin, 100 units mL~! streptomycin and 2 mM of L-
glutamine, in a 5% CO, atmosphere at 37 °C. The A2058 cell line was grown in DMEM/F12
(Dulbecco’s Modified Eagle Medium /Nutrient Mixture F-12), supplemented with 10% FBS,
100 units mL~! penicillin and 100 units mL~! streptomycin, in a 5% CO, atmosphere at
37 °C. The HT-29 cell line was grown in McCoy’s 5a Medium Modified supplemented with
10% (v/v) FBS, 100 units mL~! penicillin and 100 units mL~! streptomycin, in a 5% CO,
atmosphere at 37 °C. Human cell lines were seeded in 96 well plate (transparent flat bottom,
TPP Techno Plastic Products AG, Trasadingen, Switzerland), with an initial concentration of
2 x 103 cells well ~! and kept overnight for attachment. The four human cell lines were then
incubated with microalgal extracts at three concentrations (1, 10 or 100 pg mL~1) for 48 h.
Microalgal extracts were prepared as follow: Microalgal dried biomass was re-suspended
in 500 pL of methanol and shacked vigorously for 2 min. The solution was sonicated for
1 min with a micro tip at 20% output on ice (5-250A Branson Ultrasonic) and then the
tubes were centrifuged at 3900 g for 15 min at 4 °C. The supernatants were then dried by
rotary evaporation at 37 °C and the dried methanolic extracts were resuspended in DMSO
(0.1%) and human cell culture medium. At the end of the 48 h incubation, the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide, Applichem, Darmstadt, Germany)
viability assay was performed. Cells were incubated with 10 uL (5 mg mL~!) of MTT for
3 hin a 5% CO, atmosphere at 37 °C. The formazan crystals (produced by viable cells)
were dissolved with 100 uL of isopropyl alcohol. The absorbance was then recorded on a
microplate reader at a wavelength of 570 nm Infinite® M1000 PRO (TECAN, Miannedorf,
Switzerland). The results were represented as a percent of viable cells estimated as the ratio
between the absorbance of each sample (human cell line treated with microalgal extracts)
and the absorbance of the control (untreated cells).
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2.14. Statistical Analysis

For each data measured on the triplicate cultivations, mean and standard deviation
were estimated using GraphPad® Software (2021). Mean comparison was carried out using
the Student’s t-test. For viability assay, two-way ANOVA was used for the assessment
of variance within and between the control and treated groups. Dunnett’s method was
applied to compare the mean from treated cells with the control mean (untreated cells) by
using GraphPad® Software (2021). A confidence interval at 95% for the difference between
the two means was estimated.

3. Results
3.1. Growth and Biomass

Coupling two species together did not inhibit growth of the co-cultivated species,
both in 50 mL flasks (Figure S2) and in 2 L flasks (Table 1). Growth rate tended to decrease
when two species were coupled and the co-cultivation favored the two diatoms, S.m. or
C.c. compared to N.o. (Table 1). This resulted in a low contribution (<15%) of N.o. to the
total harvested biomass (Table 1), even though the N.o. cell concentration was higher than
the diatoms cell concentration when cultivated together, N.o. being smaller than the other
two species (Table S1).

Table 1. Growth and biomass yield of the microalgal cultivation.

Cell Concentration Growth Rate Integrated GR DW
(Cells mL-1) d - (mgL-1)
S.m. 5.73 x 10° £ 1.2 x 10* 0.91 +0.18 0.82 +0.10 97.63 & 34.17
C.c. 1.77 x 10° £ 5.2 x 10* 0.58 + 0.07 0.36 + 0.03 76.20 + 28.39
N.o. 231 x 106 £ 1.5 x 10° 0.55 4 0.02 0.54 + 0.06 36.44 £ 2.04
5 4
S.m. 248 x 10° 4.7 x 10 0.72 +0.19 0.59 + 0.04 122.99 + 15.59
(S.m.: 57.2%
+
1.86 x 10° + 3.5 x 10* (S.m. 34.2%;
C.c (Coc: 42.8%) 0.39 £ 0.12 0.58 = 0.04 C.c. 65.8%)
1.80 x 10° + 3.0 x 10*
C.c. (C.c: 36.5%) 0.20 4 0.10 0.39 + 0.03 81.87 £ 25.12
+
3.21 x 10° £1.0 x 10° (C.c. 93.9%;
N.o. (N.o.: 63.5%) 0.17 £ 0.06 0.25 + 0.02 Noo. 6.1%)
423 x 10° £7.7 x 10*
S.m. (S.m.: 36.8%) 0.45 + 0.04 0.44 + 0.03 86.24 + 14.50
+
5 4 o/ .
No. 7.23 x 10° £ 8.9 x 10 026 - 0.02 0.35 -+ 0.02 (S.m. 85.6%;

(N.o.: 63.2%)

N.o. 14.2%)

Note: Integrated growth rate represents the growth rate estimated over the exponential phase of growth curve (d~!). DW: dry weight of
harvested biomass (mg L~1). All values are represented as the mean + SD of three independent experiments. S.m. = Skeletonema marinoi,
C.c.= Cyclotella cryptica, N.o.= Nannochloropsis oceanica, S.m. + N.o.= co-cultivation of S m. and N.o., C.c. + N.o.= co-cultivation of C.c. and
N.o., S.m.+ C.c.= co-cultivation of C.c. and S.m. Values are expressed as mean =+ SD.

3.2. ABTS and DPPH Scavenging Ability

The ABTS scavenging activity of S.m. was significantly lower than C.c. and N.o.
(5% vs. 11 and 13%, respectively; p < 0.05; Figure 1a—c), while the DPPH scavenging ability
was similar among the three species (Figure 1a—c). Generally, co-cultivation tended to
increase the ABTS radical scavenging of the harvested biomass, compared to mono-cultures
(Figure 2a—c). The two species, C.c. and N.o., cultivated together significantly strengthened
the ABTS scavenging ability (Figure 2, p < 0.05). This result was confirmed by the significant
enhancement of the DPPH scavenging ability for the biomass C.c. + N.o. compared to the
other biomasses (p < 0.001; Figure 2a—).
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Figure 1. Antioxidant capacity (ABTS and DPPH scavenging ability) of the biomass from S.m. (a), C.c. (b) and N.o. (c);
macromolecular composition of the biomass from S.m. (d), C.c. (e) and N.o. (f); bioactive compounds content of the biomass
from S.m. (g), C.c. (h) and N.o. (i) and vitamin content of the biomass from S.m. (j), C.c. (k) and N.o. (1) (y axis in log scale).
S.m. = Skeletonema marinoi, C.c. = Cyclotella cryptica, N.o.= Nannochloropsis oceanica. TSC = total sterols content, TCC = total
carotenoids content, TPC = total polyphenols content, TFC = total flavonoids content. Values are expressed as mean + SD.
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Figure 2. Antioxidant capacity (ABTS and DPPH scavenging ability) of the biomass from S.m. + C.c. (a), C.c. + N.o. (b)
and S.m. + N.o. (¢); macromolecular composition of the biomass from S.m. + C.c. (d), C.c. + N.o. (e) and S.m. + N.o. (f);
bioactive compounds content of the biomass from S.m. + C.c. (g), C.c. + N.o. (h) and S.m. + N.o. (i) and vitamin content
of the biomass from S.m. + C.c. (j), C.c. + N.o. (k) and S.m. + N.o. (I) (y axis in log scale). S.m. = Skeletonema marinoi,
C.c. = Cyclotella cryptica, N.o. = Nannochloropsis oceanica. TSC = total sterols content, TCC= total carotenoids content,
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TPC = total polyphenols content, TFC= total flavonoids content. Values are expressed as mean + SD.

3.3. Macromolecular Composition

T T T T T
\'d Q? éb Q? O 6¥ <? <& @

The macromolecular composition differed among the three species (Figure 1d-f).
Protein content was the highest in C.c. compared to S.m. (two folds lower, p < 0.001) and
N.o. (ten folds lower, p < 0.001). The same trend was found for the carbohydrate content,
two and four folds higher in C.c. than in S.m. (p < 0.01) and N.o. (p < 0.001), respectively
(Figure 1d-f). Lipid concentration was similar in all the three species (p > 0.05), with N.o.
accounting for the greatest lipid contribution (84%, Figure 1d—f). Co-cultivation slightly
modified this scenario, especially with N.o. (Figure 2d—f). The co-cultivation of a diatom
(S.m. or C.c.) with N.o. enhanced the protein content in the harvested biomass compared
to the co-cultivation without N.o. (p < 0.05). Conversely, the lipid content decreased when
N.o. was coupled with S.m. or C.c. compared to N.o. alone (39 or 52%).
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3.4. Bioactive Compounds

The richness in sterols (TSC= total sterols content), carotenoids (TCC = total carotenoids
content), polyphenols (TPC= total polyphenols content) and flavonoids (TFC = total
flavonoids content) differed among the biomass obtained from the three cultivated species
(Figure 1g—i). N.o. displayed a higher TSC than C.c. or S.m. (p < 0.05) and the lowest TFC
or TCC (p < 0.05) (Figure 1g—i).

C.c. exhibited a higher TCC than the two other species (p < 0.01). Indeed, the common
pigments in the three species, chlorophyll a and (3-carotene, were significantly higher in
C.c. biomass than in the two other species (p < 0.05; data not shown). TFC was also higher
in C.c. biomass (p < 0.01) (Figure 1g—i), while the highest TPC was recorded in C.c. and
N.o. The phenolic compounds analysis—with reliable results only for the mono-cultivated
S.m. and C.c.—revealed the dominance of gallic-like, sinapic acid, daidzein and genistein
in both species, while p-coumaric acid and apigenin were only detected in C.c. and rutin
only in S.m. (Table S3).

Coupling N.o. with diatoms provided the biomass with the highest TSC (p < 0.05,
Figure 2g-i), with values almost similar to those obtained in the biomass from mono-
cultivated N.o (Figure 1i). Whatever the co-cultivation, TPC and TFC lowered compared
to the respective mono-cultures (p < 0.05, Figures 1g-i and 2g—i), with a notable decrease
of TEC (Figure 2g—i). Conversely, TCC in the harvested biomass from co-cultivation
ranged between the content of the two species separately cultivated. Among carotenoids,
zeaxanthin (the photoprotective pigment of N.o.) was retrieved in biomass from N.o.
co-cultivation (N.o. + S.m. and N.o. + C.c., 0.010 £ 0.004 and 0.058 & 0.02 pg mg_1
DW, respectively), while absent in mono-cultivated N.o. Conversely, no difference in
diatoxanthin (Dt, the photoprotective pigment of S.m. and C.c.) nor in diadinoxanthin (Dd,
the precursor of Dt) between co-cultivation and mono-cultivation was revealed (p > 0.05,
data not shown). However, the de-epoxidation state (DES = Dt/(Dt + Dd); [43]) was
significantly higher in S.m. than in C.c. (p < 0.05), both in mono- and co-cultures.

3.5. Vitamins

The ten analyzed vitamins were detected in the microalgal biomasses, with concen-
trations ranging from 0.10 to 8000 ng mg_1 DW (Figure 1j-1). Vitamins By, By, Bg, B1o, H
(B7) and D, were the most concentrated in all harvested biomasses from mono-cultivation
(Figure 1j-1), while vitamins D3 and E were the lowest. N.o. biomass displayed the highest
content of almost all vitamins (Figure 1j-1), with significant differences with S.m. and C.c.
for the vitamins By, By, C and Dj3 (at least p < 0.05) and only with S.m. for By, B¢, H, D>,
E and A (at least p < 0.05). The lowest vitamin concentration (Figures 1j-1 and 2j-1) was
found in S.m. biomass, either mono- or co-cultivated.

The co-cultivation of C.c. + N.o. (the two species with the higher vitamin concentration
reported from mono-culture) increased the concentration of the vitamins A, E, C, By, By
and Bg (at least p < 0.05) compared to C.c. alone. Generally, this co-cultivation enhanced
the vitamin content (Figure 2j-1), the latter being significantly higher than in the two other
co-cultures (S.m. + N.o. or Sm. + C.c.; at least p < 0.01).

3.6. Bioactivity of the Microalgal Extracts on Human Cells Viability

The extracts from mono-cultures (Figures 3a—c and S3) displayed a significant cytotox-
icity (p < 0.0001) at the highest concentration (100 pg mL~!) on both cancer and normal
cell lines. The two lower concentrations (1 and 10 ug mL~!) exhibited different effects on
the human cell lines. At the lowest concentration (1 pg mL~1), S.m. extract induced an
antiproliferative effect on the colon-rectal adenocarcinoma cell line (HT29, primary tumor
cells), with a cell viability lowering at 77% (Figure 3a; p < 0.0005), while it did not affect
normal prostate epithelium cell line (PNT2) viability. Differently, the lowest concentration
(1pg mL™1) of C.c. extract decreased the prostate cancer cell line (PC3, cancer disease state
IV) viability to 75% (Figure 3b; p < 0.001) without compromising the PNT2 normal cell
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viability. As for C.c., N.o. extract (1 pg mL~!) displayed an antiproliferative effect on the
PC3 cell line without affecting the PNT2 cell growth (Figure 3¢; p < 0.0001).
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Figure 3. Percentage of viable human cells treated during 48 h with 1, 10 or 100 pg mL~! of algal extract from mono and
co-cultivation. Panels (a—c) represent results obtained by MTT assay on the PNT2, PC3, HT29 and A2058 cell lines treated
with extracts from mono-cultivation. Panels (d—f) represent results obtained by MTT assay on the PNT2, PC3, HT29 and
A2058 cell lines treated with extracts from co-cultivation. Statistical significance is calculated through Dunnett test and is
indicated by *** (p < 0.0001), *** (p < 0.0005), ** (p < 0.005) and * (p < 0.05). S.m. = Skeletonema marinoi, C.c. = Cyclotella
cryptica, N.o. = Nannochloropsis oceanica, S.m.+ C.c. = co-cultivation of C.c. and S.m., C.c. + N.o. = co-cultivation of C.c. and
N.o., S.m. + N.o. = co-cultivation of S.m. and N.o. Values are expressed as mean =+ SD.

Co-cultivation modified the antiproliferative capacity of the biomass extracts
(Figures 3d—f and S3). At the highest concentration, the S m + C.c. extract enhanced
the cytotoxicity on the PC3 cells (55% cell viability, p < 0.0001) (Figure 3d) compared for
instance to S.m. in mono-culture (75% cell viability, Figure 3a). Moreover, Sm + C.c.
extract did not affect the normal prostate epithelium (PNT2) cell line viability at none of
the three concentrations tested (Figure 3d). Regarding the C.c. + N.o. co-cultivation, the
highest concentration (100 pg mL 1) of this extract decreased the viability of all cell lines
(Figure 3e; p < 0.0001), although no effect was reported with the two other concentrations
(1 or 10 pg mL~!, Figure 3e; p > 0.05). S.m. + N.o. extract inhibited the human cell line
A2058 viability at a concentration of 100 png ml~! (54%, Figure 3f; p < 0.0001), although
the antiproliferative effect against the other cell lines was lower compared to S.m. or N.o.
extracts from mono-cultivation.

4. Discussion

This study provides a broad integration of biochemical properties and bioactivities
of biomass harvested from microalgae cultivated alone and in co-culture, also comparing
their growth performance. The findings highlight the benefits of microalgal co-cultivation
as a tool to produce enriched biomass with emergent biological properties, enhancing
biotechnological interests, without increasing cultivation costs. This might represent a
way to improve the microalgal role as a resource for human-health-applied biotechnology.
The main advantage offered by the co-cultivation strategy is its capacity to enhance the
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bioactivity interest of the biomass, with an enrichment in vitamins and other bioactive
molecules and/or in improving the bioactive properties of the biomass. The augmentation
of the vitamins content is extremely appealing, being these compounds crucial for human
health [14,44,45]. Although algae can be auxotroph for vitamins By, H and By, [19], their
content in the harvested microalgal biomass is much higher than the quantity added in the
F/2 medium (e.g., [22]), suggesting a capability of these microalgae to synthetize them [14].
This feature is relevant and further promotes microalgae as a valuable source of vitamins
and amongst them, those generally low or absent in terrestrial plants (i.e., vitamins D
and B).

The three species, i.e., the two Bacillariophyceae Skeletonema marinoi and Cyclotella
cryptica and the Eustigmatophyceae Nannochloropsis oceanica, are able to grow in couple
without generating competition-related growth inhibition. Competition for resources, light
or nutrients, does not significantly affect the co-existence of the species, as it occurs in
situ, with the co-occurrence of many species in a small habitat (the so-called “plankton
paradox” [28]), probably allowed by different eco-physiological requirements. Regardless
of the species, the three co-cultivations lower the biomass concentration in polyphenols
and flavonoids, suggesting that the intracellular content of these compounds is modulated
by the interactions between the species. It can be hypothesized the release in the medium
of such compounds which are well-known allelochemical molecules [29,46,47]. The non-
inhibition of the growth of the coupled species indicates that an autocrine signaling process
might be induced, generating physiological adjustments of the species (e.g., [48]). Indeed,
the detection of zeaxanthin—the photoprotective xanthophyll in N.o.—in the biomass
derived from N.o. co-cultivation (N.o. + S.m. or N.o. + C.c.) while absent in biomass from
N.o. mono-cultivation might confirm this feature, since zeaxanthin increase was already
observed in response to allelochemicals in microalgae [49].

The results obtained in our study confirms the vitamin richness of Nannochloropsis [14].
Coupling N.o. with the diatom Cyclotella cryptica further increases the overall vitamin
content together with the high phytosterols and carotenoids concentration. The increase
in all vitamins reaches at least 10%, except for the vitamins C and H (5 and 2% lower),
while carotenoids increase by 97% and sterols by 8%. The enrichment of the biochemical
profile of N.o. + C.c. positively modulates the bioactive property of this mix, increasing its
antioxidant capacity. Yet, the antiproliferative activity of N.o. + C.c. extract is enhanced
when added at 100 pg mL~! to the three human cancer cell lines, compared to the extracts
from other cultures. Thishighlights the improved beneficial chemopreventive activities of
the couple N.o. + C.c.. Vitamins or carotenoids—both enhanced in N.o. + C.c.—activities
against cancer cells are well documented [50-52]. Instead, hypothetically, the reported
cytostatic effect on the PNT2 cell line might be ascribed to the bioactive compounds-
induced inhibition of SV40 (Simian virus) transfected in this cell line to render them high
proliferative [53,54]. Indeed, the PNT2 cell proliferation is triggered by virus replication [55],
the latter being favored by oxidative stress [56]. The richness in vitamins of the C.c. +
N.o. biomass matches with its antiproliferative effect on PNT2 cells, since antioxidant
molecules such as vitamins D, E, By, or Bg, among the others, are known to interfere with
intracellular viral replication [57,58]. This hypothesis needs to be deeply investigated
to be confirmed or refuted. In addition, the emerging bioactive property of the S.m. +
C.c. biomass is strongly attractive. Indeed, it lowers the proliferation of the resistant and
metastatic PC3 cell line, derived from bone metastatic prostate cancer, which exhibits drug
resistance [59], without affecting PNT2 cell line viability. The comparison of the antioxidant
activity and biochemical profile of C.c. + S.m. with the other (co-)cultivations does not
fully explain its bioactive property. This result highlights the different type of activities
between S.m. + C.c. and C.c. + N.o. biomass, also confirmed by the fact that vitamins,
carotenoids and sterols contents are lower in S.m. + C.c. than in C.c. + N.o. co-culture.
Hypothetically, the emerging bioactivity of C.c. + S.m. biomass might be relied to some
specific compounds that enhance the bioactivity against PC3 cells proliferation, for instance
polyphenols [60-62].



Antioxidants 2021, 10, 1360

13 of 16

References

5. Conclusions

This pioneer study opens a new route to produce microalgal biomass with an increased
bioactive compounds richness, e.g., vitamins, or/and an improved the bioactive property.
Coupling two species with alternative biochemical or nutraceutical profile can improve the
yield of vitamins and the antioxidant or chemopreventive properties of the biomass. The
high vitamin content detected in C. cryptica and N. oceanica is enhanced by 10% when these
two species are coupled, further increasing the antioxidant capacity of the biomass (almost
doubled compared to the biomass from microalgal mono-culture). The antioxidant property
enhancement leads to a significant increase in the antiproliferative capacity against the three
cancer cell lines tested. The synergy of the two diatoms C. cryptica and S. marinoi generates
a biomass with improved chemopreventive activity, especially against the proliferation of
the aggressive cancer prostate PC3 cells.

These results are worthy of interest, since the bioactivity benefit from co-cultivation
does not add any cost compared to mono-algal cultivation. This study experimentally
proposes a new microalgal cultivation strategy aiming to boost their application in eco-
sustainable biotechnology and paves the way for further investigations to better define its
strengths and limits towards potential up-scaling application.
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