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Matos
Pigment and Fatty Acid Production under Different Light Qualities in the Diatom Phaeodactylum
tricornutum
Reprinted from: Applied Sciences 2021, 11, 2550, doi:10.3390/app11062550 . . . . . . . . . . . . . . 23

Mari Carmen Ruiz-Domı́nguez, Pedro Cerezal, Francisca Salinas, Elena Medina and Gabriel
Renato-Castro
Application of Box-Behnken Design and Desirability Function for Green Prospection of
Bioactive Compounds from Isochrysis galbana
Reprinted from: Applied Sciences 2020, 10, 2789, doi:10.3390/app10082789 . . . . . . . . . . . . . . 43
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1. Marine Resources Application Potential for Biotechnological Purposes

Blue biotechnology plays a major role in converting marine biomass into societal
value; therefore, it is a key pillar for many marine economy developmental frameworks
and sustainability strategies, such as the Blue Growth Strategy, diverse Sea Basin Strategies
(e.g., Atlantic Action Plan Priority 1 and 2 and COM (2017) 183), the Marine Strategy Frame-
work Directive, the Limassol Declaration, or even the UN Sustainable Development 2030
Agenda. However, despite the recognized biotechnological potential of marine biomass,
the work is dispersed between multiple areas of applied biotechnology, resulting in few con-
crete examples of product development. Food and feeds, and high-revenue cosmeceutical,
pharma, biomedical markets, and others, are increasingly becoming important for marine
bio compounds, which hold a myriad of unexploited uses, because they have often been
demonstrated to contain molecules with a plethora of bioactivities, ranging from antioxi-
dant, anti-inflammatory, tissue-specific protection, antimicrobial, anti-tumoral, antifouling,
to texturizing, among many others. Market-driven and industrially orientated research,
which increases the efficiency of the marine biodiscovery pipeline and ultimately delivers
realistic and measurable benefits to society, is thus paramount for sustained blue growth
and contribution towards the successful market penetration of targeted biomolecules or
enriched extracts for new product development, and ultimately, contribute to a myriad of
the UN’s Sustainable Development Goals.

2. This Special Issue

The present Special Issue covers review articles and research papers addressing the
biological activities of marine resources which may present high applicability and potential
for industrial purposes. From submissions, eight high-quality manuscripts were selected
covering the above-mentioned topics.

The importance of marine micro- and macroalgae, yeast, and even bacteriophages
in the applied biotechnology field is evident from the well-split number of manuscripts
presented here.

The potential of microalgae strains as sustainable alternative sources for commercial
lutein, known to help maintain normal visual function, was critically reviewed by Sushanta
Saha and co-workers [1], who also address appropriate cultivation strategies and market
challenges. The authors argue that microalgae can, in fact, be a competitive and sustainable
natural source, presenting higher growth rates and not requiring arable land and/or a
growth season, compared to marigold flowers, the predominant natural source of lutein.

Bernardo Duarte and co-workers [2] focused their work on the premise that diatoms
are potential added-value biorefineries producing unique pigments, triglycerides (TAGs),
and long-chain polyunsaturated fatty acids (LC-PUFAs), with potential applications for
feed, food, or even biofuel industries. This manuscript describes how pigments and fatty
acid production in the diatom Phaeodactylum tricornutum can be modulated by spectral
light control during their growth and contribute towards a better cultivation of these
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organisms for biotechnological purposes, and additionally discuss how diatoms may use
such mechanisms to efficiently regulate light absorption and cell buoyancy.

Mari Ruiz-Domínguez and co-workers [3] argue that the microalgae Isochrysis galbana
offers a broad range of bioactive compounds such as carotenoids, PUFA, and antioxidants,
but most of current extraction solutions use toxic solvents, which causes environmental
concerns. In their work, they optimized a method for the enhanced extraction of bioactive
compounds from this species, using green technology of supercritical fluid extraction and
applying a Box–Behnken design, presenting this methodology as a relevant and sustainable
alternative to obtain important functional ingredients to be used in food and nutraceuticals.

To obtain a sustainable alternative to fish oil and to find natural alternatives for
pigments to be used in animal nutrition, Natalie Pino-Maureira and co-workers [4] propose
Rhodotorula strains in their work, which were isolated from seawater, for the biosynthesis
of docosahexaenoic acid (DHA) and canthaxanthin using a low-cost source of carbon. The
results presented are the foundation to use sustainable and low-cost growth media, in a
circular economy framework, to potentially scale the production and provide novel sources
of these essential nutrients.

Two studies were submitted proposing the seaweed Grateloupia turuturu as a potential
source of bioactive compound. This seaweed is considered an invasive species in Europe,
although it is known to contain a myriad of bioactive secondary metabolites with different
potentialities. Invasive species have damaging effects on the environment and, by adding
value to this biomass, the harvesting industry will contribute to control and even restore
impacted environments, thus turning these threats into opportunities [5].

Rafael Félix and co-workers [6] addressed the development of green and cost-effective
extraction protocols to optimally obtain UV-shielding and antioxidant compounds from
G. turuturu, using response surface methodology, and evaluated the effect of ethanol con-
centration, liquid–solid ratio, pH, temperature, and time to enhance bioactive compound
extraction. They argue that these protocols will allow for an optimized and sustainable
use of this marine resource, contributing to the potential development of natural and
eco-friendly cosmeceuticals from low-cost biomass.

Grateloupia turuturu is, in fact, presented as a macroalgae with a vast array of ap-
plications due to the diversity of compounds with relevant bioactivities. Carina Félix
and co-workers [7] further addressed this seaweed potential by considering antioxidant,
UV absorbance, anti-enzymatic (elastase and hyaluronidase), antimicrobial, and anti-
inflammatory activities, as well as photoprotection potential, and its promising uses in
the cosmeceutical field. Several proposed extracts presented relevant potential, namely,
antimicrobial and anti-inflammatory activities, highlighting G. turuturu’s potential for the
further development of natural formulations for skin protection.

Extraction, harvesting and processing, and cultivation conditions, are key performers
in the success of using a resource for biotechnological purposes. In their work, Glacio
Araujo and co-workers [8] addressed the seaweed Calliblepharis jubata—an edible red sea-
weed and a carrageenan primary producer yet not valued by the industry—harvested from
the wild, and in semi-controlled and controlled aquaculture conditions. They characterized
fatty acids, carbohydrates, and carrageenan content, and argued about the differences
between the biological compounds of interest from different sources, identifying the ad-
vantages for human consumption and the food industry.

Lihua Xu and co-workers [9], based on the knowledge of some viruses acting as
therapeutic agents to treat infectious diseases, studied the Vibrio phage Yong-XC31 as an
agent to control Vibrio mediterranei and prevent disease in aquaculture, controlling Pyropia
seaweed vibriosis, and eventually other affected organisms such as corals or scallops.
Characteristics and the complete genome of this phage were analyzed, and new insights
are presented for the application of giant phages as an important biotechnological product.
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3. The Future of Marine Resources Biotechnology

This Special Issue’s manuscripts highlight the vast potential that marine resources
hold, from viruses to seaweeds, and a myriad of applications from antimicrobials and
cosmetics to feed and food. However, despite the increasing body of research targeting
marine resources and their potential application, a market-driven framework will definitely
boost the blue economy and provide increasing solutions that may further rely on the
large share of unknown organisms that are yet to be discovered in our oceans. It is thus
paramount to invest in the biodiscovery process but also to address the target industries
and define methodologies that are easily transported to industrial-friendly setups, where
sustainability based on cost-effectiveness, green processes and a circular economy is indeed
a cornerstone issue for the present and the future of a marine biobased economy.

Funding: With support from FCT/MCTES through national funds (UID/MAR/04292/2020), the Eu-
ropean Union through EASME Blue Labs project AMALIA, Algae-to-MArket Lab IdeAs
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ORCHESTRA (No. 70155), and SAICTPAC/0019/2015—LISBOA-01-0145-FEDER-016405 Oncolo-
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Development Fund.
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Abstract: Lutein is particularly known to help maintain normal visual function by absorbing and
attenuating the blue light that strikes the retina in our eyes. The effect of overexposure to blue light
on our eyes due to the excessive use of electronic devices is becoming an issue of modern society due
to insufficient dietary lutein consumption through our normal diet. There has, therefore, been an
increasing demand for lutein-containing dietary supplements and also in the food industry for lutein
supplementation in bakery products, infant formulas, dairy products, carbonated drinks, energy
drinks, and juice concentrates. Although synthetic carotenoid dominates the market, there is a need for
environmentally sustainable carotenoids including lutein production pathways to match increasing
consumer demand for natural alternatives. Currently, marigold flowers are the predominant natural
source of lutein. Microalgae can be a competitive sustainable alternative, which have higher growth
rates and do not require arable land and/or a growth season. Currently, there is no commercial
production of lutein from microalgae, even though astaxanthin and β-carotene are commercially
produced from specific microalgal strains. This review discusses the potential microalgae strains for
commercial lutein production, appropriate cultivation strategies, and the challenges associated with
realising a commercial market share.

Keywords: commercial microalgae cultivation; dietary supplements; lutein production; marine
microalgae

1. Introduction

Microalgae are photosynthetic microscopic organisms that possess several accessory
light-harvesting carotenoid pigment molecules such as astaxanthin, canthaxanthin, lutein, zeaxanthin,
and β-carotene, which have commercial value. Lutein is a xanthophyll and one of 1178 known
naturally occurring carotenoids [1]. It is an oxygenated carotenoid found primarily in plants such as
spinach, kale, and marigold as well as certain microalgal species such as Scenedesmus almeriensis,
Chlorella zofingiensis, and Muriellopsis sp. [2]. Lutein is a lipid-soluble primary carotenoid that humans
obtain from their diet and has several known health benefits including aiding in the prevention of
macular degenerative disease, reducing the risk of stroke and heart attack, and mitigation against
other debilitating metabolic syndromes. In photosynthetic species, xanthophylls act to modulate light
energy and free radical quenching agents which are produced during photosynthesis under high light
intensity. Lutein is found to accumulate in the macula of the eye, acting as a light filter protecting cells
against free radical damage, and has also been implicated in ameliorating the damaging effects of
macular degenerative disease in ageing adults [3]. These health-promoting effects of lutein as well as
its potential as a natural food colourant have led to increased investigations on the potential of lutein
as a high-value nutraceutical functional food ingredient. The growth of the global nutraceutical market
is driven by an increase in demand for healthy and organic food products and a surge in awareness of
dietary health promoting supplements. Furthermore, the rise in disposable income allows consumers
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to purchase healthy alternatives to regular food products. The global lutein market is expected to reach
at EUR 409 million by 2027 at a Compound Annual Growth Rate (CAGR) of 6.10% over the predicted
period 2020–2027 [4].

Primarily, commercial natural lutein production has been reliant on extraction from marigold
flower oleoresin. However, marigold flower harvesting and extraction is seasonal and labour intensive
and recent data have suggested that microalgal species under controlled cultivation conditions can have
much higher lutein productivity rates when compared to marigold cultivars [5]. There is, therefore,
the strong potential for these organisms to be an alternative production route for natural lutein.
Microalgae are attractive lutein producers; concomitantly, they function as a carbon dioxide capturing
system reducing greenhouse gases, they can be cultivated all year round depending on the selected
reactor cultivation conditions chosen, and environmentally friendly solvent-free extraction strategies
can be tailored to enriched-lutein extraction e.g., supercritical fluid extraction methodologies [6].

The use of microalgae as human food is not unusual as it can be traced back many years in
indigenous populations from China, Japan, and the Republic of Korea [7]. The traditional knowledge
of microalgae use by these indigenous people has now disseminated throughout the world population
through migration. Further, growth in microalgal consumption has been due to the significant amount
of research on the health and nutritional benefits of microalgae and these health benefits are especially
relevant for our modern-day lifestyle [8]. As a result, presently, several microalgae are commercially
cultivated for various nutraceutical products that are available in the market. Arthrospira (Spirulina)
maxima, Arthrospira (Spirulina) platensis, and Aphanizomenon flos-aquae are used as “whole cells biomass”
in supplement products as well as for extraction of blue food colourant phycocyanin, Chlorella vulgaris
biomass for health supplement products, and Dunaliella salina and Haematococcus pluvialis for commercial
production of natural carotenoids such as β-carotene and astaxanthin [9].

2. Health Benefits of Lutein

Lutein, also known as the “eye vitamin”, functions as a light protector by sheltering the eye tissues
from harmful sunlight damage. The natural lens in the eye, which must remain clear, mainly collects and
focuses light on the retina, where oxidation of this lens (clouding of the lens) is a major cause of cataracts.
Antioxidants, such as lutein, neutralise free radicals that are connected with oxidative stress and retinal
damage [10]. Because of its antioxidant potential, lutein is gaining popularity as a functional food
ingredient to prevent age-related macular degeneration (AMD) [11]. Moreover, lutein has beneficial
health effects other than eye health including anti-inflammatory, anti-atherogenic, antihypertensive,
antidiabetic, antiulcer, and anticancer effects [12]. Lutein is one of the two main carotenoids found in
human milk [13] and is very important for infant visual and cognitive development [14]. Lutein is one of
the predominant carotenoids found in the new-born brain—about 66–77% of the total carotenoids [15].
These health-promoting effects of lutein (Figure 1) as well as its potential as a natural food colourant
have led to increased investigations on the potential of lutein as a high-value nutraceutical functional
food ingredient [16]. However, the health claim related to the cause and effect relationship between
the consumption of lutein and maintenance of normal vision has not been approved by the European
Food Safety Authority (EFSA) at the European level. From the scientific evidence, EFSA, however,
agree that lutein consumption can increase macular pigment density in most of the healthy subjects
(https://efsa.onlinelibrary.wiley.com/doi/pdf/10.2903/j.efsa.2012.2716); therefore, the challenge to prove
the health benefits of lutein for the approval of health claims remains open.
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Figure 1. Schematic showing multiple potential health benefits of lutein.

3. Putative Biosynthetic Pathway of Lutein in Microalgae

Lutein is found within the members of Chlorophyta, Chlorarachniophyta, Cryptophyta,
Euglenophyta, and Rhodophyta algal species [17]. Knowledge of the biosynthetic pathways for
lutein biosynthesis in microalgae is limited. The current understanding is based on identified chemical
structures of carotenoids found in microalgae. It is now believed that all types of carotenoids, including
lutein, are obtained from common five-carbon (C5) starting molecules isopentenyl diphosphate (IPP)
and dimethylallyl diphosphate (DMAPP). These common metabolic precursors (IPP and DMAPP)
might be derived from either of the two independent pathways: (i) the cytosolic mevalonate (MVA)
pathway starting from Acetyl-CoA, or (ii) the plastidic (chloroplast in microalgae) methylerythritol
4-phosphate (MEP) pathway starting from pyruvate [18]. However, there is evidence to suggest that
the precursors for microalgal carotenoids including lutein biosynthesis proceed from the MEP pathway
in Dunaliella salina, Chlorella vulgaris, Scenedesmus sp. [18], and Haematococcus pluvialis [19] species.

Lutein biosynthesis in microalgae begins in the MEP pathway (Figure 2) through the 5-carbon
building block molecule isopentenyl pyrophosphate (IPP), which isomerises to dimethylallyl
pyrophosphate (DMAPP) by the action of the enzyme IPP isomerase. Elongation of the carbon
chain then takes place through continuous head-to-tail condensation of IPP to DMAPP followed by
growing of the polyprenyl pyrophosphate chain by the action of the enzyme prenyltransferase [20–22].
As a result, geranylgeranyl PP (GGPP, C20), the first immediate precursor of lutein, is synthesised
following a condensation reaction of GPP (C10) by the action of GGPP synthase. Next, the colourless
C40 carotenoid phytoene is formed through condensation of two GGPP (C20) molecules by the action
of phytoene synthase (PSY). Next, lycopene (a coloured carotenoid with 13 double bonds and a
chromophore of 11 conjugated double bonds) is formed by the conversion of phytoene (nine double
bonds molecule) through stepwise desaturation reactions (or dehydrogenation reactions) catalysed by
phytoene desaturase (PDS) and zeta-carotene desaturase (ZDS) enzymes. Lycopene is the precursor to
the formation of both α-carotene and β-carotene after two cyclisation reactions. The enzyme lycopene
β-cyclase (lcy-b) catalyses the cyclisation of both ends of lycopene to make β-carotene with two β-rings.
Meanwhile, the action of lycopene β-cyclase (lcy-b) and lycopene ε-cyclase (lcy-e) enzymes catalyse
the cyclisation of both ends of lycopene to make α-carotene with a β-ring and an ε-ring. This is an
important branching point of the carotenoid biosynthesis pathway in microalgae, where one branch
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leads to the biosynthesis of α-carotene and the other branch leads to the biosynthesis of β-carotene.
The former is then converted to lutein in two hydroxylation steps, while the latter is converted to
zeaxanthin and subsequently, to other carotenoids. The hydroxylation of α-carotene at the C-3 and C-3′
positions results in the formation of lutein and the enzymes involved in these processes are β-carotene
hydroxylase and ε-carotene hydroxylase, respectively [23].
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Figure 2. Schematic overview of lutein biosynthesis in microalgae. Enzymes involved in each
biochemical conversion step are listed and their corresponding genes are indicated in parenthesis.

From the biotechnological perspective, a number of chemical inhibitors have been tested to
regulate the carotenoid biosynthetic pathway in microalgae. For examples, Yildirim et al. [24] studied
the effect of the addition of 2-methylimidazole in Dunaliella salina and found an increase of 1.7-fold
lutein content and a related decline in β-carotene content. This study suggested that 2-methylimidazole
preferentially alters lycopene β-cyclase (lcy-b) activity and thus, shifts the carotenogenic pathway from
β-carotene to the α-carotene branch. Liang et al. [25] tested triethylamine, which triggered lycopene
production in Dunaliella bardawil as a lycopene cyclase inhibitor that inhibited the expression levels
of lcy-b and lcy-e, and upregulated the upstream carotenogenic genes. Likewise, nicotine was also
tested as a possible lycopene cyclase inhibitor. A low concentration of nicotine resulted in a significant
decrease in β-carotene, while triggering the accumulation of lycopene in Chlorella regularis Y-21 and
Dunaliella salina CCAP 19/18 [26,27].
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4. Engineering of Biosynthetic Pathways in Microalgae for Lutein Production

Microalgae as biomolecule production platforms have long been explored through engineering
of their biosynthetic pathways by chemical mutagenesis as well as targeted genetic engineering of
specific genes. Chemical mutagens such as N-methyl-N′-nitro-N-nitrosoguanidine (MNNG) and Ethyl
Methane Sulfonate (EMS) have been successfully used for generating microalgal mutants with high
contents of carotenoids including lutein [21,28–30]. In a recent study, a lutein-deficient Chlorella vulgaris
(CvLD) strain was generated by chemical random mutagenesis and the strain was identified as an
enhanced producer of violaxanthin [21]. Sequence analysis of the lycopene ε-cyclase gene (lcy-e) of the
mutant strain CvLD revealed a single mutation (A336V), which might have resulted in a conformational
change of the conserved region of CvLCYE (lycopene ε-cyclase) with reduced biochemical activity.

For genetic engineering of microalgae, robust genetic transformation protocols for the nuclear,
chloroplast, or mitochondrial genomes are available [31]. The key methods for delivering DNA to
microalgae are electroporation, shaking of cells with glass beads, and the biolistic (particle gun
bombardment) method [32]. Most of the enzymes of secondary metabolism are encoded within the
nuclear DNA; however, some of these enzymes are actually targeted to function in the chloroplast [33].
Since most of the enzymes of the carotenogenic pathway are found in the microalgal chloroplast, it was
suggested that nuclear and/or chloroplast transformation can be used for the metabolic engineering
of the carotenoid biosynthetic pathway [34]. Genetic engineering of microalgae through chloroplast
transformation was mostly achieved by the biolistic method [35]. Although the low expression level
of the target gene is the main drawback of nuclear transformation, it is the method of choice when
appropriate post translational modifications of the target protein are essential [31].

The phytoene synthase gene (psy) from Dunaliella salina [28] and Chlorella zofingiensis [36] was
nuclear transformed to the model microalga Chlamydomonas reinhardtii, and the derivative strains,
respectively, produced 2.6- and 2.2-fold higher amounts of lutein compared to the wild type strain.
Another study with the microalga Chlamydomonas reinhardtii involved a point mutation of the native gene
for phytoene desaturase (pds) which was then nuclear transformed. The derivative strain, consisting
of the mutant enzyme with increased desaturase activity biosynthesised, increased the amount of
lutein, β-carotene, zeaxanthin, and violaxanthin [37]. In a very similar approach, Liu et al. [38]
nuclear-transformed Chlorella zofingiensis with a mutant version of the native pds gene. The derivative
strain, consisting of the mutant phytoene desaturase enzyme with increased desaturase activity,
accumulated a higher amount of total carotenoids (32%) and astaxanthin (54%) compared to the
parent strain. In a recent metabolic engineering study with Chlamydomonas reinhardtii, the gene for
phytoene-β-carotene synthase (pbs) from the red yeast Xanthophyllomyces dendrorhous was cloned
into pMS188 vector and nuclear transformed [39]. This derivative strain possesses the bifunctional
enzyme with both phytoene synthase (psy) and lycopene cyclisation (lcy-b) activities. This is the first
heterologous expression system for carotenoids biosynthesis, which resulted in a simultaneous increase
in lutein (60%) and β-carotene (38%) under low light conditions.

In the lutein biosynthetic pathway, the lycopene ε-cyclase gene (lcy-e) acts as a key regulator of
the α-branch, while lycopene β-cyclase (lcy-b) acts in both the α-branch and β-branch. The findings
from chemical mutagenesis and genetic engineering studies suggest that an altered lycopene β-cyclase
with enhanced activity in α-branch and reduced or no activity for β-branch, as well as an altered
lycopene ε-cyclase with enhanced activity, might be a target for creating a genetically engineered strain
with enhanced lutein productivity. Additionally, the cytosolic MVA pathway of microalgae can be
genetically engineered to express a whole heterologous metabolic pathway for lutein biosynthesis.
This approach was recently successfully demonstrated in tobacco (Nicotiana tabacum L.) plant, where a
viral vector was used to express three enzymes (GGPP synthase (crtE), phytoene synthase (crtB/psy),
and phytoene desaturase (crtI)) from the soil bacteria Pantoea ananatis to biosynthesise lycopene [40].
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5. Synthetic Production of Lutein

Since the development of the chemical synthesis method for carotenoids production in 1950,
β-carotene has long been chemically synthesised industrially for meeting global demand [41].
The chemically synthesised carotenoids list has been growing and includes astaxanthin, canthaxanthin,
lycopene, zeaxanthin, and β-carotene [42,43]. The commercial production of lutein through the
chemical synthesis method has not been viable due to poor overall yield. However, the technology
news of the University of Maryland, USA reported that their researchers have published a chemical
synthesis method for lutein with overall yields >20% from readily available precursor molecules [43,44].
At present, most of the commercially produced carotenoids are produced chemically and only a small
portion are obtained from the biotechnological process, including extraction from microalgae, but not
lutein by either method. Considering the fact that there is high demand and consumer preference for
natural carotenoids, there is a huge opportunity for natural lutein production from microalgae.

6. Microalgae Cultivation for Commercial Lutein Production and Challenges

There are several microalgae species both from marine and freshwater habitats identified as
potential lutein producers. Some of these species could produce up to 5 g of free lutein per kg
biomass [16]. Microalgae are considered as important industrial candidates for lutein bioproduction.
They have higher biomass productivity, high lutein content, are suitable for cultivation in freshwater,
wastewater, brackish, or seawater, and/or are dependent neither on arable lands nor on local weather.
However, the main challenge in carotenoid production from microalgae in general is low biomass
growth rate due to the stress conditions necessary for carotenogenesis. Therefore, large-scale microalgal
cultivation mostly operates in two steps, which are the cultivation of microalgae in optimum conditions
for fast growth in complete growth medium followed by stress conditions to improve the desired
carotenoid in microalgae [45]. There are many strategies to improve microalgal lutein content such as
different light intensities, light colour, growth conditions, and nutrient limitations. In the study by
Ho et al. [46], Scenedesmus obliquus FSP-3 was subjected to light-related strategies to increase cell growth
and lutein production, where the best lutein productivity (4.08 mg L−1 d−1) was observed at a light
intensity of 300 µmol photons m−2 s−1 with white light. In another study by Ho et al. [47], the effects of
nitrogen sources on the cell growth and lutein content of Scenedesmus obliquus FSP-3 were examined,
where the highest lutein content (4.61 mg g−1 ) and lutein productivity (4.35 mg L−1 d−1) were obtained
when using 8.0 mM calcium nitrate as the nitrogen source. After determining the nitrogen source
condition, Ho et al. [47] applied two bioreactor strategies which were semi-continuous and two-stage;
and observed that semi-continuous operation with a 10% medium replacement ratio achieved the
highest biomass productivity (1304.8 mg L−1 d−1) and lutein productivity (6.01 mg L−1 d−1).

Zhao et al. [48] examined the marine microalga Chlamydomonas sp. JSC4 under different
environmental conditions for lutein production and concluded that the optimal lutein content was
obtained under blue light and a lower temperature of 20–25 ◦C. Schüler et al. [49] also examined
different environmental factors on marine microalga Tetraselmis sp. CTP4 for carotenoid biosynthesis
and examined that lutein amount increased 1.5-fold under higher light intensities (170 and 280 µmol
photons m−2 s−1), but in contrast to Zhao et al. [48], found a temperature increase from 20 to 35 ◦C,
after only two days at a light intensity of 170 µmol photons m−2 s−1, yielded the highest lutein
productivity (3.17 ± 0.18 mg g−1 dry weight biomass). Ma et al. [50] also examined light stress on the
marine microalga Chlamydomonas sp. JSC4 as a potential lutein production. High lutein productivity
(5.08 mg L−1d−1) was attained under high light irradiation of 625 µmol photons m−2 s−1, where lutein
amount started to decrease at 750 µmol photons m−2 s−1 due to downregulation of lut1 and zep genes,
which respectively encode the enzymes ε-carotene hydroxylase and zeaxanthin epoxidase that are
responsible for lutein biosynthesis.

Chen et al. [51] also examined light-related carotenogenesis strategies along with different nitrogen
concentrations and growth conditions on Scenedesmus obliquus CWL-1 under mixotrophic cultivation.
In contrast to Ho et al. [46], maximum lutein yield (1.43 mg L−1 d−1) was achieved in 12 h/12 h light/dark
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conditions under blue/red light. In addition to the light strategy, the addition of 4.5 g L−1 of calcium
nitrate increased lutein productivity (3.06 mg L−1 d−1), while the addition of 1.5 g L−1 of calcium
nitrate increased the lutein content to 2.45 mg g−1. Finally, compared to a batch cultivation system,
a fed-batch cultivation strategy had 11-fold higher lutein productivity (4.96 mg L−1 d−1), which was
the highest productivity that was achieved compared to all strategies.

In the study by Florez-Miranda et al. [52], a two-stage cultivation strategy was applied, where
heterotrophy with different temperatures was followed by photoinduction to improve biomass and
lutein production in Scenedesmus incrassatulus. In the initial stage, where different nitrogen sources and
temperatures were applied, the highest lutein content was observed using urea plus vitamins at 30 ◦C;
during the second stage, after 24 h of photoinduction, lutein content increased seven times. According to
the comparison between autotrophic and heterotrophic growth, Florez-Miranda et al. [52] concluded
that lutein productivity was 1.6 times higher compared to autotrophic cultivation. Hence, heterotrophic
and/or mixotrophic growth for lutein production can be suggested as a better cultivation method
compared to autotrophic growth. Xie et al. [53] observed different types of media and concentrations
of sodium acetate and nitrate on Chlorella sorokiniana FZU60 to improve mixotrophic growth and lutein
production, where highest lutein content (9.57 mg g−1) and productivity (11.57 mg L−1 d−1) were
obtained in BG-11 medium supplemented with 1 g L−1 acetate and 0.75 g L−1 nitrate. Moreover, pulse
feeding with 1 g L−1 acetate every 48 h led to the alternation between mixotrophy and photoinduction,
which resulted in a lutein production of 33.6 mg L−1.

In the study by Shi et al. [54], Chlorella protothecoides was cultivated heterotrophically (40 g L−1

glucose and 3.6 g L−1 urea) with nitrogen limitation in a fed-batch culture, which was followed
by an increased lutein production without drastically reducing the biomass amount. Afterwards,
this N-limited fed-batch culture was successfully scaled up from 3.7 to 30 L, and temperature stress
was applied. Higher temperature (32 ◦C) for 84 h resulted in a 19.9% increase in lutein content but a
13.6% decrease in biomass amount, as compared to the fed-batch culture (30 L) without any treatment.

In the study by Shinde et al. [55], the lutein content of Auxenochlorella protothecoides SAG 211-7a was
observed under heterotrophic conditions, where the Taguchi Orthogonal Array method, a statistical
technique for screening and optimisation of medium components at small-scale, was applied to select
the six independent variables (yeast extract, KH2PO4, MgSO4.7H2O, CaCl2.2H2O, EDTA, and pH) that
affect lutein production. Sucrose, yeast extract, MgSO4.7H2O, and EDTA were selected as the significant
factors affecting lutein production. According to the experimental results, 1303 ± 25.32 µg L−1 lutein
was produced when the medium was supplemented with 14 g L−1 sucrose, 3 g L−1 yeast extract,
0.8 g L−1 MgSO4.7H2O, and 0.76 g L−1 EDTA.

In conclusion, compared to all strategies mentioned above, the best approach for a microalgae
cultivation system for maximum lutein productivity is a fed-batch cultivation strategy with different
light and temperature stress depending on the selected freshwater culture and salinity for marine
culture, since the maximum level of lutein in the cell is dependent on the salinity [56].

There is no commercial production system for lutein from microalgae yet; however, some
outdoor productions of Muriellopsis sp. and Scenedesmus sp. at a pilot scale have been created, where
Muriellopsis sp. was cultivated in a 55 L tubular photobioreactor and the highest lutein productivity was
40 g m−2 d−1. Moreover, Scenedesmus almeriensis was also cultivated in a 4000 L tubular photobioreactor
for lutein production and 290 mg lutein m−2 d−1 was observed [57]. Besides lutein, the main commercial
carotenoid productions are β-carotene from Dunaliella sp. and astaxanthin from Haematococcus sp.
Commercially, β-carotene from Dunaliella sp was extracted by Betatene (Australia) and Western
Biotechnology (Australia) in 400 and 240 ha extensive unmixed ponds, where 13–14 and 4–5 tonnes of
β-carotene per year have been extracted, respectively. For commercial astaxanthin extraction, Cyanotech
(Hawaii) uses a closed tubular photobioreactor followed by open ponds, whereas Algatechnologies
(Israel) applies a closed tubular photobioreactor for Haematococcus sp. cultivation [57]. In conclusion,
a tubular photobioreactor can be suggested for commercial lutein production as was experimentally
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tested for Muriellopsis and Scenedesmus species, and also due to the fact that tubular photobioreactors
have been successfully used for other carotenoid-producing microalgae.

7. Extraction of Lutein from Microalgae and Challenges

The extraction of intracellular microalgae products is most commonly conducted by conventional
means. This involves using dry biomass coupled with maceration and thermal extraction employing
either organic or aqueous solvents (Table 1), depending on the polarity of the desired compound to be
extracted. Compounds, such as carotenoids, display varying polarities and chemical natures. Hence,
an appropriate solvent must be chosen with regards to extracting target carotenoids based on the
selectivity, efficiency, and purity required. The extraction of carotenoids is typically conducted using
non-polar solvents such as n-hexane, dichloromethane, and dimethyl ether, with other solvents such as
acetone and octane also used for extraction [58].

The use of these non-polar solvents is due to the high hydrophobicity of carotenoids. Recently,
green solvents such as ethanol and biphasic water solvent mixtures have also been researched for the
extraction of carotenoids from microalgae [59]. The conventional extraction process of microalgae
products still bears limitations such as extraction efficiency, selectivity, and high solvent consumption.
Lin et al. [5] discussed that the energy consumption for microalgal cell disruption ranged from 30
to 500 MJ kg−1. This energy consumption was reliant on the disruption process, where the energy
demand is determined by factors such as cell wall compositions, cell wall thickness, and cell size.
This value is 1000 times higher than the crushing energy for marigold flower (800 kJ kg−1). To overcome
this problem, the development and application of a multistage extraction process, combined with
varying physical and chemical methods, may prove useful in selectively targeting the carotenoids of
interest [58]. Microalgal biomass consists of a rich cellular composition and much thicker cell wall
than marigold flowers. Dry-milled marigold petals are usually processed using solvent extraction
to produce oleoresin-containing carotenoids in their ester form. This is followed by a multistep
purification process which frees the hydroxylated carotenoids from the accompanying fatty acids and
finally, a recrystallisation process occurs which results in pure lutein/zeaxanthin. Lutein is sold in oily
extracts ranging from 5% to 60% as its crystalline form poses management and stability problems,
where microalgal biomass can be extracted into an oleoresin-like extract with 25% lutein in free form
that could be used directly for the commercial products [60].

Araya et al. [61] applied two cell disruption methods, glass bead vortexing and ball mill grinding,
on Chlorella vulgaris, Chlorella zofingiensis, and Chlorella protothecoides to improve the extraction yield
of lutein, where the yield of C. vulgaris (0.51 mg L−1 d−1) and C. zofingiensis (0.53 mg L−1 d−1) was
higher compared to C. protothecoides (0.37 mg L−1 d−1). Chen et al. [62] also applied two different cell
disruption methods (bead-beating and high pressure) on Chlorella sorokiniana MB-1 and the lutein
was extracted by a reduced pressure extraction method. High-pressure pretreatment extracted with
tetrahydrofuran (THF) as the solvent resulted in high lutein recovery efficiencies of 87.0% (at 20 min
incubation) and 99.5% (at 40 min incubation) at 850 mbar pressure and at temperature 25 ◦C.

Solvents such as hexane and/or ethanol are the most commonly employed methods for lutein
extraction due to the easy removal of the solvent from the extract while also retrieving a high content
of lutein. In contrast, direct extraction with vegetable oil was described by Nonomura [63] and does
not allow for solvent removal. This patent involves direct extraction on wet biomass using the addition
of vegetable oil, followed by emulsification and a resting period. However, in regard to microalgae
with thick cell walls, such as Murielopsis sp. or Scenedesmus sp., it is unlikely this methodology would
be efficient.

Low et al. [64] described a microwave-assisted binary phase solvent extraction method (MABS) for
the recovery of lutein from microalgae. The method was established and optimised to specifically attain
the highest lutein recovery from microalgae Scenedesmus sp. biomass, with a total of 11.92 mg g−1 lutein
recovered. The optimal binary phase solvent composition was a 60% potassium hydroxide solution
with acetone in the ratio of 0.1 (mL/mL). The highest lutein content was at 55 ◦C treatment temperature,
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36 min extraction time, 0.7 (mg mL−1) biomass:solvent ratio, 250 Watt microwave power, and 250 rpm
stirring speed. This optimised novel procedure can increase lutein recovery by approximately 130%,
along with also shortening the overall extraction time by 3-fold.

According to an optimised extraction method of lutein from microalgal biomass conducted by
Ceron et al. [65], it was concluded that cell disruption was necessary and the use of a bead mill with
alumina in a 1:1 (w/w) proportion as a disintegrating agent for 5 min was the preferred method amongst
other varying treatments tested.

Studies conducted by Gong et al. [66] investigated lutein extraction from wet Chlorella vulgaris
UTEX 265, where various extraction parameters such as sample size, drying method, and cell
disruption method were studied and lutein production was monitored throughout the microalgal
growth phase. From the analysis of varying solvent performances on lutein extraction using Nile Red
as a solvatochromic polarity probe, it was determined that 3:1 (v/v) ethanol/hexane was the optimal
solvent for lutein extraction, which resulted in 13.03 mg g−1 lutein.

Studies carried out by Li et al. [67] involved the use of high-speed counter-current chromatography
(HSCCC) for the isolation and purification of lutein from microalgae. Analytical HSCCC was used for
the preliminary selection of a suitable solvent system composed of n-hexane:ethanol:water (4:3:1, v/v),
where HSCCC was successfully performed, resulting in lutein yield at 98% purity from 200 mg of
crude extract in a one-step separation.

The use of supercritical CO2 fluid is gaining increasing interest in regard to the recovery of
pharmaceutical or nutraceutical compounds due to clean extracts and lack of toxicity of CO2 in
comparison to organic solvents. However, because the polarity of free lutein is high and excess
amounts of organic solvents are required for lutein extraction from microalgae due to binding of
light-harvesting complexes, supercritical fluid extraction (SFE) should not prove efficient. However,
according to Yen et al. [68], the addition of polar co-solvents such as methanol or ethanol may increase
lutein extraction efficiency. When coupled with a co-solvent, SFE may seem a promising lutein
extraction method compared to organic solvent extraction. Miguel et al. [69] recommended the use
of supercritical CO2 following a solvent extraction of the carotenoids. The solvent containing the
carotenoids was then mixed with supercritical CO2 and the conditions of pressure and temperature
were adjusted to promote the precipitation of lutein.

Macías-Sánchez et al. [60] aimed to clarify the influence of temperature and pressure parameters
on the supercritical fluid extraction of lutein and β-carotene from a freeze-dried powder of the marine
microalga Scenedesmus almeriensis. The extracts were analysed by HPLC and empirical correlations
were also established. The results determined an optimal pressure of 400 bar and optimal temperature
of 60 ◦C resulted in a significant yield of pigment extraction. In comparison with the referenced
extraction processes used, the results obtained from this study displayed that improved yields were
obtained in the extraction of β-carotene, where it was possible to extract 50% of the total of this pigment
contained in the microalga studied.

Di Sanzo et al. [70] also investigated the use of supercritical fluid extraction using CO2 for the
extraction of astaxanthin and lutein from disrupted red phase biomass of the Haematococcus pluvialis.
A bench-scale reactor in a semi-batch configuration was employed. Parameters such as extraction time
(20, 40, 60, 80, and 120 min), CO2 flow rate (3.62 and 14.48 g min−1) temperature (50, 65, and 80 ◦C),
and pressure (100, 400, and 550 bar.) were investigated. The results indicate the maximum recovery of
astaxanthin and lutein obtained was 98.6% and 52.3%, respectively, at 50 ◦C and 550 bars.

Mehariya et al. [71] employed supercritical fluid for the extraction of lutein from Scenedesmus
almeriensis. The optimisation of the main parameters affecting the extraction, such as biomass
pretreatment, temperature, pressure, and CO2 flow rate, was conducted. Firstly, the effect of mechanical
pretreatment with diatomaceous earth (DE) and biomass mixing in the range of 0.25–1 DE/biomass,
grinding speed varying between 0–600 rpm, and pretreatment time changing from 2.5 to 10 min, was
evaluated on lutein extraction efficiency. Next, the influence of SFE extraction parameters such as
pressure (250–550 bar), temperature (50 and 65 ◦C), and CO2 flow rate (7.24 and 14.48 g min−1) on
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lutein recovery and purity was examined. According to the results, increases in the temperature,
pressure, and CO2 flow rate improved the lutein recovery and purity. The maximum lutein recovery
(~98%) with a purity of ~34% was accomplished running at 65 ◦C and 550 bar with CO2 flow rate of
14.48 g min−1.

Research conducted by Yen et al. [68] in regard to utilising SFE for the extraction of lutein from
Scenedesmus sp. biomass found that an increase in both pressure and temperature resulted in an increase
in lutein yield, but an increase in temperature resulted in increased impurity within the HPLC profile.
This increase in yield was not as significant when compared to the yields from conventional extraction
methods. Optimum parameters for lutein recovery yield were determined as 400 bar pressure and
temperature at 70 ◦C while using ethanol as the co-solvent at a ratio of 30 mol%. These parameters
resulted in lutein recovery of 76.7%, which was compared to conventional methanol extraction methods.

Research carried out by Ruen-ngam et al. [72] involved the use of a pretreatment process using
alcohol aimed at removing chlorophyll a, b, and β-carotene from Chlorella vulgaris. This process
was developed to enhance the yield and selectivity of lutein in the extract obtained by subsequent
supercritical fluid extraction. SFE was carried out in the pressure range 200 to 400 bar and the
temperature range of 40 to 80 ◦C, with methanol and ethanol trialled as the co-solvents, with ethanol the
most suitable for lutein extraction. Lutein yield within the extract increased with pressure but decreased
with temperature. The optimal parameters for lutein recovery yield were determined as 400 bar and
40 ◦C, using ethanol as the co-solvent. Under these conditions, the maximum recovery percentage and
selectivity percentage of lutein resulted in approximately 52.9 ± 0.02% and 43.1 ± 0.02%, respectively.

Fan et al. [23] aimed to extract lutein from Chlorella pyrenoidosa using ultrasound-enhanced
subcritical CO2 extraction (USCCE). As part of this research, parameters such as pretreatment process,
pressure, temperature, CO2 flow rate, and ultrasonic power were examined, alongside orthogonal
analysis, to study the effects of varying parameters on lutein extraction yields. The developed USCCE
method was conducted as part of this study and it was compared to other common extraction methods.
Optimal extraction conditions were determined as temperature at 27 ◦C, pressure at 210 bar, 1.5 mL g−1

ethanol, and ultrasound power at 1000 W. Under these conditions, a maximum extraction yield of
1.24 mg lutein g−1 crude material was obtained and when compared to other methods, it was found
that USCCE could result in increasing lutein extraction yield significantly at much lower extraction
pressure and temperature.

Wu et al. [73] also applied supercritical fluid extraction followed by HPLC and LCMS analysis
to lutein extraction from Chlorella pyrenoidosa. Under optimum conditions, temperature at 50 ◦C,
pressure at 250 bar, and 50% ethanol as the co-solvent, the extraction yield recovery of lutein was 87.0%.
From the results, it was concluded that SFE yielded in high purity lutein recovery and the process
developed during this study might be suitable for the commercial production of lutein.

In conclusion, in regard to the large-scale production of lutein, only solvent extraction has, to date,
achieved high degrees of efficiency and purity. However, new advances in methods and techniques
such as selective precipitation with supercritical CO2 and new advantageous solvents, such as ethyl
lactate, which have been proposed for the extraction of other plant matter [74], may also be applied to
microalgae and prove beneficial.
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8. Current Market Demand, Value and Sources

Currently, the global lutein market is valued at EUR 255 million and is expected to reach EUR
409 million by 2027 [4]. Lutein appears as a slightly lower value carotenoid compared to the market
price for astaxanthin. As per ICIS market research, the price for 100% pure lutein may range from EUR
1688.00 to EUR 2532.00 per kg, while the available products with dry forms of lutein may range from
EUR 126.00 to EUR 253.00 per kg, and the products with the liquid forms of lutein may range from
EUR 422.00 to EUR 590.00 per kg (https://www.icis.com/explore/resources/news/2003/05/16/195956/

lutein-eyes-robust-growth-in-food-and-nutraceuticals/ accessed on 12 September 2020). The growth
of the global lutein market is driven by an increase in demand for healthy and organic food products
and a surge in awareness towards dietary supplements. Furthermore, the rise in disposable income
allows consumers to purchase healthy alternatives to regular food products.

Asia Pacific is projected to account for 23.2% of the global market. Developing nations such as
China and India are expected to observe high growth. High occurrence of eye disorders coupled with the
growing demand for dietary supplements is expected to accelerate the need [92]. Dietary supplements
held 29% of the overall market share in 2019 and are expected to keep their dominance over the forecast
period. Europe held 36.2% of the industry in 2018 and is projected to grow significantly in the coming
years [92].

9. Overall Discussion and Future Prospects

Although marigold meets the global demand for lutein to some extent, there is still a huge
opportunity to contribute to the global demand for natural lutein. This is where microalgae can play
a significant role because there are several microalgae that produce 0.5–1.2% lutein of their cell dry
weight [5]. Moreover, microalgae have more free lutein than marigold, which is preferable since it is
easily absorbed compared to the esterified forms found in marigold flowers. In addition, there are
several microalgal commercial technologies for cultivation, and optimum extraction of carotenoids
is available. Importantly, microalgae are considered as one of the most promising biofactories, with
5–10 times higher growth rate than land plants, high-potential CO2 scavenging, and their commercial
cultivation technologies can be based on all types of water sources such as freshwater, brackish water,
and seawater, and do not require arable land. Microalgae as commercial lutein producers are still
waiting for the involvement of enthusiast entrepreneur biotechnologists who would be willing to
adopt existing microalgal cultivation technologies. It is good that there are already a number of marine
as well as freshwater microalgal strains identified as lutein producers through various research studies
(Table 1), which can serve as a starting point.

The commercially optimum method and the safety of chemically synthesised lutein for human
consumption are still questionable; therefore, the natural lutein market is gaining interest. Even though
there is no commercial production of lutein, microalgae are an attractive source for the mass production
of lutein due to their high growth rates and high pigment content. However; there are some challenges
to be focused on that are mostly related to the cost [93]. Particularly, these are due to the current
market price for lutein as well as the lutein yield in known microalgae being lower compared to
the market price and yield of astaxanthin, which is currently produced economically and reliably
from Haematococcus pluvialis. Although heterotrophic cultivation improves cell growth and lutein
content, the cost of glucose and other carbon sources prevent microalgal lutein production from being
commercially profitable [94]. Not only the carbon addition cost, but also the downstream processes
such as harvesting and drying increase the cost, where energy saving approaches are essential for
both processes. Moreover, to improve the growth capacity of the selected culture, high efficiency
photobioreactors should be designed, where optimal growth conditions such as temperature or light
can be applied. Based on the current cultivation technologies for Dunaliella sp. and Haematococcus sp.
that were also found suitable at experimental-scale for Muriellopsis sp. and Scenedesmus sp., it appears
that tubular photobioreactors can also be the choice for lutein production from these microalgae.
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In addition, advanced metabolic engineering approaches may be applied to improve the lutein
synthesis pathways in microalgae and increase its cellular accumulation to be commercially competitive.
In summary, microalgal lutein has a great potential to be commercially produced with some challenges
mentioned above to be overcome. In the future, better engineering reactor designs should be created
for higher culture growth, new innovations should be applied for low-cost harvesting/drying processes,
and selected cultures should be metabolically engineered (by chemical mutagenesis or targeted genetic
engineering) to produce higher lutein without decreasing the culture biomass yield.

Overall, considering the growing demand for natural lutein, available potential microalgal strains,
and their cultivation technologies available, it is high time to initiate industrial involvement along
with some research and development activities for microalgal lutein production, along with other
value-added bioproducts, using a biorefinery approach. The approach would at least need to achieve,
through the rapid cultivation of selected microalgal strains by tweaking their abiotic growth factors to
enhance lutein content followed by simple harvesting of biomass, extraction of lutein at affordable
costs and valorisation of lutein-extracted biomass for additional bioproducts development.
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Featured Application: light emitting diodes (LED) illumination with different wavelengths can
modulate diatom ca-rotenoid and fatty acid production.

Abstract: Diatoms are microscopic biorefineries producing value-added molecules, including unique
pigments, triglycerides (TAGs) and long-chain polyunsaturated fatty acids (LC-PUFAs), with po-
tential implications in aquaculture feeding and the food or biofuel industries. These molecules are
utilized in vivo for energy harvesting from sunlight to drive photosynthesis and as photosynthetic
storage products, respectively. In the present paper, we evaluate the effect of narrow-band spec-
tral illumination on carotenoid, LC-PUFAs and TAG contents in the model diatom Phaeodactylum
tricornutum. Shorter wavelengths in the blue spectral range resulted in higher production of total
fatty acids, namely saturated TAGs. Longer wavelengths in the red spectral range increased the
cell’s content in Hexadecatrienoic acid (HTA) and Eicosapentaenoic acid (EPA). Red wavelengths
induced higher production of photoprotective carotenoids, namely fucoxanthin. In combination, the
results demonstrate how diatom value-added molecule production can be modulated by spectral
light control during the growth. How diatoms could use such mechanisms to regulate efficient light
absorption and cell buoyancy in the open ocean is discussed.

Keywords: Phaedactylum tricornutum; photochemistry; fucoxanthin; single wavelength LEDs

1. Introduction

Diatoms (Bacillariophyta) are among the most abundant phytoplankton species on
Earth [1]. They play vital roles as primary producers in aquatic food webs, being respon-
sible for half of the organic materials in the ocean and up to 20% of the Earth’s oxygen
produced by photosynthesis [1]. Their high productivity has attracted scientific study
related to their biotechnological potential, e.g., as biorefineries [2]. Diatoms have thereby
mainly been exploited by the nutraceutical, fuel and aquaculture sectors, emerging as novel
bioresources for the production of bioenergy, food and aquaculture feed, and as supporter
of wastewater bioremediation [3]. Besides the most recent approaches to improve mi-
croalgae value-added yield production, using genetic engineering and molecular biology
approaches [4], the manipulation of culture conditions (e.g., the light availability) has also
been investigated [5]. The unique products of diatoms originate from their photosynthetic
metabolism. Fucoxanthin (Fx) is a primary carotenoid with expanded light absorption in
the cyan and green spectral range of light. It has drawn attention due to its antioxidative
properties, as potential antiobesity, and potential anticancer compound as well as some
suggested effects to mitigate Alzheimer’s disease [6–8]. Today, the main commercially
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available source of Fx is brown seaweeds (Stramenopiles), a phylogenetic group to which
the diatoms also belong [9]. Diatoms store photosynthetic energy foremost in form of fatty
acids, with high proportions of polyunsaturated fatty acids (PUFAs), namelyω3 fatty acids
such as eicosapentaenoic acid (20:5, EPA) (Dunstan et al., 1993). Additionally, diatoms
show high amounts of storage lipids (triacylglycerols, TAG) [10], with high nutritional
value [11] and are useful for aquaculture feeding and potentially biofuel production [12].

Diatoms require light for their growth, as their metabolism bases on photosynthesis
as primary energy source [13]. Some common cultivation systems involve light emitting
diodes (LEDs) to support algal growth in cell cultures at the maximum light absorption
of the main photosynthetic pigments, in the blue and red spectral range of light at ca.
λ ≈ 450 nm and λ ≈ 650 nm, respectively [5]. The narrow-band wavelengths of LEDs can
also be applied to test physiological implications of particular spectral parts of light and
metabolite production under more environmental-like conditions, where light intensity
as well as light spectral composition are affected by the wavelengths dependent light
attenuation characteristics of water [14]. Individuals near the surface might thereby receive
significantly higher amounts of light, compared to cells located at subsurface layers in the
water column. In addition, light wavelengths of higher energy in the blue spectral range can
penetrate deeper in the absence of dissolved organic matter and microscale particles [15].
In consequence, individuals of the same species can be projected to significant differences
of available light during their lifetime. The different wavelengths to which diatoms are
subjected in their natural environment and at different life stages are key factors shaping
the metabolic activity of the cells [16]. The presence of blue and red light photoreceptors,
i.e., cryptochromes and aureochromes, and phytochromes, respectively, allows diatoms to
sense their position in the water column and to perform morphological and physiological
alterations to adapt to changes in environmental conditions [17,18].

In the present work, we studied the effects of narrow-band illumination with blue and
red light LEDs compared to red-green-blue (RGB) LEDs upon photo-pigment, lipid and
fatty acid production in the diatom Phaeodactylum tricornutum. Different pulse amplitude
modulated (PAM) chlorophyll fluorescence techniques were used to determine the energy
flux and dissipation along the photosynthetic transport chain under these illumination
conditions. Phaeodactylum tricornutum is a well characterized model diatom, which can be
cultivated in several culture media [2]. It is known for a variety of marketable products and
today commercially viable for large-scale cultivation in some cases [2]. The data presented
here suggest that spectral illumination conditions can modulate pigment concentrations
and the composition of fatty acids, paving the way for optimized production of these
high-value products in P. tricornutum. We speculate that some can regulate their position in
the water column by a fine-tuned interplay of light absorption by photo-pigments and the
composition and quantity of photosynthetic storage lipids to control the cell buoyancy.

2. Materials and Methods
2.1. Culture Conditions

Phaeodactylum tricornutum Bohlin (Bacillariophyceae; strain IO 108–01, Instituto Por-
tuguês do Mar e da Atmosfera (IPMA)) axenic cell cultures were placed to grow in f/2
medium [19], under constant aeration in a phytoclimatic chamber (FytoScope FS 130—
RGBIR, Photon Systems Instruments, Czech Republic), at 18 ◦C, programmed with a
14/10 h day/night photoperiod using a sinusoidal function provided by the manufacturer
to mimic sunrise and sunset, and light intensity at noon, set to replicate a natural light en-
vironment, with a maximum light intensity of 80 µmol photons m−2 s−1 at solar noon. [20].
Cultures were daily inspected visually under the microscope. Culture trials under the
different light regimes were conducted according to the Organization for Economic Co-
operation and Development (OECD) recommendations for algae assays [21], with minor
adaptations, and the suggested initial cell density for microalgae cells with comparable di-
mensions to P. tricornutum (initial cell density = 2.7 × 105 cells mL−1). According to OECD
guidelines, carbon dioxide concentrations were maintained through constant aeration of
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the cultures with ambient air. All manipulations were executed within a laminar flow hood
chamber, ensuring standard aseptic conditions.

Light conditions were adjusted using the LED panel of the FytoScope FS 130—RGBIR.
Full light treatment (denoted as RGB LED hereafter) was provided using a combination
of RGB LEDs in the molar proportion 1:1:1 (Red λ = 627 nm/Green λ = 530 nm/Blue
λ = 470 nm). Red light treatment (denoted as Red LED hereafter), was preformed using
only the Red LEDs (λ = 627 nm). Blue light treatment (denoted as Blue LED hereafter),
was provided using only the Blue LEDs (λ = 470 nm). All light intensities were adjusted
in all light conditions to achieve a maximum photosynthetically active radiation (PAR) of
80 µmol photons m−2 s−1 at solar noon, at the culture flasks level. After inoculation cultures
were immediately exposed to the targeted light treatment, and the experiment lasted
for 96 h.

2.2. Diatom Cell Density Measurements and Pellet Collection

Phaeodactylum tricornutum cells (1 mL volume sample) were counted using a Neubauer
improved counting chamber, coupled with an Olympus BX50 (Tokyo, Japan) inverted
microscope, at 400-x magnification. At the end of the exposure trials, cells were harvested
for biochemical analysis by centrifugation at 4000× g for 15 min at 4 ◦C and the pellets
were frozen in liquid nitrogen and stored at −80 ◦C. Five biological replicates for all tested
conditions were considered for total fatty acid analysis and pigment analysis and three
replicates were considered for triacylglyceride (TAG) quantification.

2.3. Chlorophyll a Pulse Amplitude Modulated Fluorometry

At the end of the experimental period, and before cell harvesting, 1 mL of each
replicate culture was used for bio-optical assessment, using chlorophyll-a pulse amplitude
modulated (PAM) fluorometry (FluorPen FP100, Photo System Instruments, Brno, Czech
Republic). Cell culture subsamples for bio-optical assessment were acclimated for 15 min in
the dark and chlorophyll transient light curves were generated using the preprogrammed
OJIP (fluorescence rise through four phases called O, J, I and P) protocol [22]. Rapid light
curves (RLC) were generated using the preprogrammed LC1. The parameters determined
and calculated by the software from this analysis are shown in Table 1 [23,24].

Table 1. Summary of fluorometric analysis parameters and their description.

Variable Description

Φ PSII Photosystem II (PSII) maximum quantum yield (Fv/Fm, where Fv is the variable fluorescence and Fm is the
maximum fluorescence).

α
Photosynthetic efficiency, corresponding to the initial slope of the relative electron transport rate (rETR) versus
photosynthetic photon flux density (PPFD) curve.

Qphar α
Photosynthetic efficiency, corresponding to the initial slope of the relative electron transport rate (rETR) versus
pigment weighted light absorption.

rETR Relative electron transport rate, obtained from applying the equation: Φ PSII × PPFD × 0.5 (factor for correcting for
the energy generated only at the PSII side, assuming each photosystem absorbs 50% of the incoming energy).

ETRmax Maximum ETR having as basis the PPFD.
Qphar

ETRmax
Maximum ETR calculated using the pigment weighted light absorption.

AOECS Active oxygen evolving complexes at the PSII donor side.
ABS/CS Absorbed energy flux per cross-section.
TR/CS Trapped energy flux per cross-section.
ET/CS Electron transport energy flux per cross-section.
DI/CS Dissipated energy flux per cross-section.
RC/CS Number of available reaction centers per cross-section.
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2.4. Pigment Profiles

Pigments were extracted from sample pellets with 100% cold acetone and main-
tained in a cold ultra-sound bath for 2 min, to ensure complete disaggregation of the cell
material. Extraction proceeded in the dark at −20 ◦C for 24 h, to prevent pigment degrada-
tion [20,25,26]. Following centrifugation (4000× g for 15 min at 4 ◦C), supernatants were
analyzed using a dual beam spectrophotometer. Absorbance spectrums from 350 nm to
750 nm (0.5 nm steps) were then introduced in the Gauss-peak spectra (GPS) fitting library,
using SigmaPlot software. Pigment analysis was employed using the a gaussian peak
deconvolution algorithm [27], enabling the detection of Chlorophyll a and c, Pheophytin a,
β-carotene, Fx, Diadinoxanthin (DD), and Diatoxanthin (DT).

2.5. Absorption Spectra

To compare whether differences in light color responses were due to total light ab-
sorbed or due to light quality effects, a pigment weighted light absorption (QPhar) was
calculated [28] with modification [29]. QPhar (λ) correspond to the amount and proportion
of light absorbed by the cells at different wavelengths. The specific in vitro absorption
coefficients of the P. tricornutum cultures (Pt) were reconstructed according to:

aPt(λ) =
n

∑
i

ai(λ)× Ci

where ai(λ) is the concentration specific absorption coefficient obtained from the literature
for each pigment at each incident wavelength [30] and Ci is the pigment concentration of the
culture. For extraction of the correct absorption coefficient the predominant wavelengths
of each of the LED light quality was used. The pigment weighted light absorption Qphar is
obtained from:

Qphar = Q(λ)−
[

Q(λ)× e−aPt(λ)
]

where Q(λ) is the incident PAR in µmol m−2 s−1 [28]. The pigments used for spectral
absorption reconstruction were chlorophyll a, chlorophyll c, pheophythin a, β-carotene, Fx,
DD and DT.

2.6. Total Fatty Acids and TAG Profiles

Cell pellets for total fatty acid analysis were submitted to direct transesterification
with freshly prepared methanol sulfuric acid (97.5:2.5, v/v) at 70 ◦C for 60 min [31]. Sub-
sequently, fatty acids methyl esters (FAMEs) were recovered using petroleum ether and
the solvent evaporated under a constant N2 flow in a dry bath at 30 ◦C [20,32]. FAMEs
were resuspended in hexane and 1 µL was injected in a gas chromatograph (Varian 430-GC
gas chromatograph, Middelburg, The Netherlands), equipped with a hydrogen flame
ionization detector set at 300 ◦C. The temperature of the injector was set to 270 ◦C, with a
split ratio of 50. The fused-silica capillary column (50 m × 0.25 mm; WCOT Fused Silica,
CP-Sil 88 for FAME; Varian, Middelburg, The Netherlands) was maintained at a constant
N2 flow of 2.0 mL min−1 and the oven set at 190 ◦C. Fatty acids identification was achieved
by comparison of retention times with standards (Sigma-Aldrich, St. Louis, MO, USA), and
chromatograms analyzed by the peak surface method, using the Galaxy software (Varian,
Inc., Palo Alto, CA, USA). The internal standard used was pentadecanoic acid (15:0) to
identify losses during preparation.

Two indexes are commonly used to infer and predict the potential health benefits
associated with the ingestion of a certain food: indexes of atherogenicity (IA) and thrombo-
genicity (IT) [33]:

IA =
4 × C14 : 0 + C16 : 0

∑ MUFA + ∑ PUFA − n6 + ∑ PUFA − n3
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IT =
C14 : 0 + C16 : 0

0.5 × MUFA + 0.5 × PUFA − n6 + 3 × PUFA − n3 + PUFA−n3
PUFA−n6

where MUFA and PUFA correspond to relative concentrations of the monounsaturated
fatty acid (MUFA) and PUFA. The IA is related to the plaque formation and to the decrease
in the levels of esterified fatty acid, cholesterol, and phospholipids, thereby preventing the
appearance of micro- and macro-coronary diseases [33]. The IT is related to the tendency
to form clots in the blood vessels [33].

For neutral lipids’ separation pellets were boiled in water for 5 min to inactivate
lipolytic enzymes. The extraction of lipophilic compounds was performed using a mixture
of chloroform/methanol/water (1:1:1, v/v/v), as previously described [34]. Neutral lipid
separation was achieved by thin layer chromatography (TLC) on silica plates (G-60, Merck,
VWR) using as solvent a mixture of petroleum ether/ethyl ether/acetic acid (70/30/0.4,
v/v/v) [35]. Lipids bands were visualized with 0.01% primuline in 80% acetone (v/v)
under UV light, and the lipid band correspondent to TAG scraped off and transesterified
as above-mentioned for total fatty acids, using the scrapped portion as sample [36].

2.7. Statistical Analysis

As normality and homogeneity of variances of our data were not given, pairwise
comparisons between different sample groups were performed through nonparametric
Kruskal–Wallis tests. These were computed with Statistica software (StataSoft, version
12.5.192.7). Statistical significance was considered at the p < 0.05. A multivariate ap-
proach was employed to test for variations in the complete photochemical, fatty acid
and TAG profiles [32,37,38]. Canonical analysis of principle (CAP) coordinates, using
Euclidean distances, were preformed to plot the dissimilarities in a canonical space regard-
ing fatty acids and photochemical studied variables while preforming a cross-validation
step and determining the allocation efficiency into the different treatment groups. This
multivariate methodology is unaffected by heterogeneous data and frequently used to com-
pare different sample assemblies using the inherent features of each assembly (metabolic
traits) [25,32,37,39]. Multivariate statistical analyses were performed using Primer 6 soft-
ware (version 6.1.13, Plymouth, UK) [40].

3. Results
3.1. Diatom Cell Growth

It was found that RGB and Blue LED treatments resulted in similar cell densities
during the growth (Figure 1). However, Red LED treatment caused faster growth rates
during the first 48 h (p < 0.05), after which the growth rates converged with other treatments.
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3.2. Photochemistry at Photosystem II

Rapid light curve measurements (Figure 2a–c) showed that Red LED treatment re-
sulted in reduced relative electron transport rate (rETR) (Figure 2a) when exposed to
irradiances above 100 µmol photons m−2 s−1, compared to the cultures subjected to
the RGB and Blue LED treatments. This resulted in a lower photosynthetic efficiency
(Figure 2b) and maximum electron transport rate (Figure 2c) under Red LED treatment.
When these parameters are normalized with the pigment weighted light absorption (Qphar),
cultures grown under Red LED treatment presented significantly higher Qphar photosyn-
thetic efficiency (Figure 2d). On the other hand, the Qphar maximum ETR of the cells
grown under Red LED treatment showed higher values of this parameters as compared
to cells exposed to RGB LED treatment (Figure 2e). The cultures grown under monochro-
matic blue LED illumination showed values of Qphar maximum ETR higher than all the
remaining treatments.

Kautsky curve analysis (Figure 3a) revealed differences as a progressive decrease in the
overall fluorescence from the cultures exposed to RGB LED treatment, Blue LED treatment
and the lowest fluorescence values recorded at the cells grown under only red light. These
results in differences at the phenomological energy fluxes (Figure 3b). Both monochromatic
light treatments resulted in lower values of absorbed (ABS/CS), trapped (TR/CS) and
transported (ET/CS) energy fluxes and also lower values of oxidized PSII reaction centers
(RC/CS) when compared to the cultures grown under full spectra illumination (RGB LED).
Regarding the dissipated energy flux, this was found to be lower in the cultures grown
under monochromatic Red LED illumination. If we analyze the number of active oxygen
evolving complexes (AOECs, Figure 3c) located at the donor side of the PSII, it is possible
to observe that cultures grown under Red LED illumination resulted in an increase number,
while the cells grown under monochromatic Blue LED showed a reduction, both when
compared to the cultures grown under full spectra illumination (RGB LED).

Fluorescence profiles from the Kautsky curves in a canonical multivariate approach
described the differences between treatments (Figure 4). The CAP analysis showed a clear
separation of the samples exposed to the different light treatments (100% classification effi-
ciency), having as basis its fluorescence profile, supporting the differences abovementioned
in terms of Kautsky curves-derived parameters.

3.3. Pigment Profiles

The cultures grown under Red LED illumination showed higher contents in chloro-
phyll a and c, Fx, DD and DT (Figure 5a). In comparison with the RGB LED grown cultures,
the cells cultured under Blue LED also showed higher chlorophylls a and c, DD and DT
concentrations. These differences resulted in higher contents of both total chlorophyll
(Figure 5b) and total carotenoids (Figure 5c) in the cultures exposed to the Red and Blue
LED treatments.

Applying these pigment concentrations as a whole pigment profile in a multivariate
canonical analysis (Figure 6), it is possible to again efficiently distinguish (93.3% classifica-
tion efficiency) the sample groups, grown under different light treatments, highlighting the
differences observed at the light-harvesting and photoprotective pigment level.
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Figure 3. Kautsky transient light curves (a), phenomological energy fluxes ((b), absorbed (ABS/CS), trapped (TR/CS),
transported (ET/CS) and dissipated (DI/CS) energy fluxes and oxidized reaction centers (RC/CS) and active oxygen
evolving complexes (c) in the P. tricornutum cultures (N = 5) subjected to the three light treatments at the end of the 96 h
exposure period (average ± standard error, letters denote significant differences between light treatments at p < 0.05).
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Figure 4. Canonical Analysis of Principal (CAP) components of the P. tricornutum cultures (N = 5)
subjected to the three light treatments, having as basis the full Kaustky fluorescence profile at the end
of the 96 h exposure period (100% classification efficiency).

3.4. Total Fatty Acid and TAG Profiles

The culture of diatoms under Blue LED light resulted in cells with a higher total fatty
acid content (Figure 7a). Regarding cells composition in terms of individual fatty acid
relative abundance (Figure 7b), the diatom cells grown under Red LED illumination, when
compared with the cells cultivated under full light spectrum, showed lower contents of
16:0 (palmitic acid), 16:1 (palmitoleic acid) and 18:4 (stearidonic acid, SDA) fatty acids and
higher contents in 16:3 (hexadecatrienoic acid) and 20:5 (eicosapentaenoic acid, EPA). Blue
monochromatic LED illumination promoted the production of 16:1 and a decrease of EPA
cell content, in comparison with the cultures grown under RGB LED illumination. This
fatty acid remodeling resulted in significantly lower saturated fatty acid (SFA) and MUFA
contents in the cells grown under monochromatic Red LED illumination, when compared
to the cells grown under full spectrum illumination (Figure 7d). Comparing also with
the RGB LED exposed cultures, these same cultures presented significantly higher PUFA
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and unsaturated fatty acid (UFA) contents. Regarding the cells cultivated under Blue LED
illumination, their PUFA cellular content showed a significant decrease. These alterations
combined resulted in differences in IA and IT (Figure 7c).
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Figure 5. Pigments profiles (a), total chlorophyll (b) and total carotenoids (c) contents of the P. tricor-
nutum cultures (N = 5) subjected to the three light treatments at the end of the 96 h exposure period
(average ± standard error, letters denote significant differences between light treatments at p < 0.05).
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Figure 6. Canonical Analysis of Principal (CAP) components of the P. tricornutum cultures (N = 5)
subjected to the three light treatments, having as basis the full pigment profile at the end of the 96 h
exposure period (93.3% classification efficiency).
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Regarding the atherogenicity capacity of the cultures in preventing the appearance of
micro- and macro-coronary diseases, it was found that the cells grown under monochro-
matic Red LED illumination are favored in this regard showing a significantly lower IA
value, when compared with both RGB and Blue LED exposed cells. On the other hand,
blue light exposure seems to favor the thrombogenicity ability of the culture’s fatty acid
profile, presenting a higher IT value.

As previously computed for the photochemical and pigment data, the fatty acid pro-
files of the samples were also analyzed in a multivariate canonical approach in order to
evaluate if these fatty acid traits are efficient descriptors of the cells culture light conditions
(Figure 8). Once again, a clear separation of the samples grown under different light quali-
ties is observed, with the overall canonical analysis presenting a classification efficiency of
the samples of 93.3%, having as basis the cells fatty acid profiles.
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Figure 8. Canonical Analysis of Principal (CAP) components of the P. tricornutum cultures (N = 5) sub-
jected to the three light treatments, having as basis the total fatty acid profile (relative concentrations)
at the end of the 96 h exposure period (93.3% classification efficiency).

Regarding the TAG fatty acid profile, the different light qualities to which the cultures
were subjected also induced some significant differences (Figure 9a). The TAG fatty acid
profile of the cultures grown under monochromatic Red LED illumination showed signifi-
cantly lower values of 14:0 (myristic acid), 16:0, and 16:1 fatty acid relative concentration
and significantly higher concentrations of 16:3 (hexadecadienoic acid) and EPA fatty acids.
Cultures grown under Blue LED illumination on the other hand showed a significant
increase in the TAG concentration of 18:2 (linoleic acid), 18:3 (γ-linolenic acid, GLA) and
18:4. This had inevitable results in the saturation classes of the fatty acid profile of the
TAG of the cells cultured at different light conditions (Figure 9b). Significant differences
could only be observed in the cells cultured under Red LED illumination, with higher
concentration of PUFA and lower contents of TAG SFA and MUFA in TAG, when compared
to the cells cultured under RGB LED illumination. Regarding the TAG cellular content
(Figure 9c), this was found to be significantly reduced by the cultivation of the diatom
cells under Red LED illumination. In addition, considering the changes above reported
regarding the total fatty acids content, the TAG relative content when compared to the
total fatty acid in the cells cultivated under red and blue LED illumination decreased to
0.7% and 2.6% respectively versus 5.2% observed in the cells cultured under RGB LED
illumination.

Nevertheless, the slight differences observed, the TAG fatty acid profile also proved
to efficiently discriminate (100% classification accuracy) the cultures cultivated under
different light qualities, indicating that this TAG fatty acid profile is specific of the light
used for diatom cultivation and thus can be modified by the illumination wavelength range
(Figure 10).
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Figure 9. TAG fatty acid profile (a) saturation classes (b) and cellular content (c) of the P. tricornutum
cultures (N = 3) subjected to the three light treatments at the end of the 96 h exposure period (average
± standard error, letters denote significant differences between light treatments at p < 0.05).
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Figure 10. Canonical Analysis of Principal (CAP) components of the P. tricornutum cultures (N = 5)
subjected to the three light treatments, having as basis the TAG fatty acid profile (relative concentra-
tions) at the end of the 96 h exposure period (100% classification efficiency).

4. Discussion

Diatoms have been suggested as potential high value molecule suppliers for nu-
traceutical, fuel and aquaculture sectors, by providing bioenergy, food and feed and as
supporter of wastewater bioremediation [3]. They are fast growing organisms and require
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low cultivation conditions while offering high process turnover and economically viable
processing alternatives [2]. The current study reports that pigment and fatty acid profiles in
the model diatom Phaeodactylum tricornutum can be modulated based on different spectral
light regimes supplied through LEDs without limiting cell division rates.

At this level, the application of RGB LED illumination versus red and Blue LED
illuminations did not lead to different cell densities at the end of the 96 h culture period.
Such similarity in cell density at the end of the culture trials might be due to the nutritional
limitation in the late phase of the culture, regarded to the high division rates common in the
species P. tricornutum [41]. However, cultures exposed to red LED illumination presented
a faster growth during the first 48 h, indicating a potential role of the light conditions
for exponential phase cell growth enhancement. As all light treatments were adjusted
to the same total photon flux rates, increased growth during the first days of culture
may therefore indicate improved light harvesting under Red LED illumination. Previous
studies showed an enhancement of microalgae cell growth cultured under blue light
illumination [42] due to higher photosynthetic electron transport, while blue light may also
induce higher nonphotochemical quenching [43]. Although most diatom pigments have
higher absorption rates for shorter wavelength of light (blue light), at this level no higher
growth rates were observed, indicating that given photon flux densities were sufficient
to obtain maximum cell density growth. Excessive energy might then be dissipated
along the photosynthetic transport chain, limiting accumulation of biomass [44]. When
photosynthetic efficiencies are compared to RGB illumination, no apparent differences
occur at the end of the experiment. However, when cell growth is compared based on
pigment weighted light absorption, some differences become obvious. The cells grown
under red LED illumination have higher Qphar photosynthetic efficiency concomitant with
the higher growth rates as observed during the first 48 h. This is due to the differences in
the light absorption of the different pigment profiles originating from the different light
quality exposure. This might be due to the high chlorophyll a content, a pigment with a
high absorption coefficient at 627 nm (equals red LED dominant wavelength) [30]. In terms
of phenomenological energy fluxes the cells grown under red LED illumination showed a
reduction in all energy fluxes in a proportional manner, indicating that there is a higher
efficiency in the incident light-use. This was in fact previously reported [17], where P.
tricornutum cells grow under red light showed lower nonphotochemical quenching (lower
energy dissipation) and thus higher light-use efficiencies per incident photon. This is
also in accordance with the higher dissipated energy flux rates (concomitant with higher
nonphotochemical quenching, as reported in [17]) observed in the cells grown under
Blue LED illumination. A possible explanation for the observed similar cell densities at
the end of the trials under different LED regimes was also reported in the centric diatom
Coscinodiscus granii, pointing towards illumination conditions supporting maximum diatom
cell growth [45]. In sum, in photochemical terms, cells are not substantially affected by the
different illumination conditions at the end of the experiment, under the given nutrient
conditions and PPFD availabilities. However, it is important to point out that, according to
our data, a culture medium may replenish with nutrients at the end of 48 h, as indicated by
higher exponential growth under red illumination in the beginning of the trial.

In terms of fatty acid and TAG accumulation, cell cultures under Blue LED light
exhibited high total fatty acid and TAG concentrations. This high accumulation of lipids
was already reported before, in the diatom Skeletonema marinoi [46], pointing out an effective
energy and carbon storage strategy [47]. The increase in storage lipids such as TAG,
under high frequency blue light has also been attributed to their role in preventing photo-
oxidative damages [48]. In fact, and as abovementioned, the cultures subjected to Blue
LED illumination showed higher dissipated energy fluxes, also indicative of the need to
dissipate excessive energy, another strategy to prevent photo-inhibition.

In terms of bioenergy production, the results also have a relevant role. High amounts
of SFAs provide a superior oxidative stability, while PUFAs provide better cold-flow
properties at the cost of oxidative stability [49]. Examining the saturation degree of the

35



Appl. Sci. 2021, 11, 2550

different cultures, two important characteristics were evident. Both in terms of whole
fatty acid and TAG contents, the cells grown under red LED illumination presented a high
content in PUFA, i.e., higher cold-flow properties. These cultures also showed another
important feature in terms of bioenergy production. The fatty acid saturation degree was
linearly correlated to the cetane number (CN), a fuel quality parameter which is related to
ignition delay and combustion quality of the fuels [49]. At this level also the cells grown
under red light illumination showed a substantially higher UFAs percentage, reinforcing the
promising characteristics of the fatty acids produced under these experimental conditions.
Cultures subjected to blue light illumination presented a higher fatty acid content and in
terms of quality for bioenergy applications presented higher saturation degree and thus
better characteristics for biodiesel production.

Some nutritional characteristics can also be highlighted for the fatty acid profiles
produced under the different light qualities. As abovementioned two indices can be
used to evaluate the potential role of certain fatty acid profiles for human health: the IA
value is related to the plaque formation and to the decrease in the levels of esterified fatty
acid, cholesterol, and phospholipids, thereby preventing the appearance of micro- and
macro-coronary diseases [33]; the IT value is related to the tendency to form clots in the
blood vessels [33]. Since saturated FAs are considered to be proatherogenic and UFAs
antiatherogenic, a low IA ratio is recommended [33]. Regarding IT, this index indicates the
propensity to form masses in the blood vessels and is defined as the relationship between
the prothrombogenic (saturated fatty acids) and the antithrombogenic MUFA, n-3 and n-6
PUFA). Therefore, a low IT value is also desirable [33]. Tuna, a fish considered to have a
high nutritional value in terms of its fatty acid profile, has an IA and IT of approximately
0.7 and 0.3, respectively [33], and is therefore used as a reference. At this level, the cultures
grown under red wavelength illumination present a better nutritional quality, with very
low IA and IT values. Moreover, red illumination promoted the accumulation of PUFAs,
namely EPA. This fatty acid intake has significant improvements in terms of human health,
improving the vascular and neural health [50,51]. Moreover, considering that a large frac-
tion of the developed countries population presents a very low intake of EPA and that the
largest source of this PUFA is fish intake, another aspect that is highly reduced in western
populations, this EPA content acquires a reinforced role as a possible alternative source of
these key fatty acids [50,51]. Biosynthesis of EPA is thought to occur in the endoplasmic
reticulum via two complementary pathways [52]. In the ω-3 pathway α-Linolenic acid
(18:3, ALA) is desaturated to 18:4 which suffers subsequent elongation to 20:4, while in the
ω-6 pathway 18:2 is desaturated to GLA and subsequently elongated to eicosatrienoic acid
(20:3, ETA) and desaturated to 20:4. A ∆5-desaturase is reported to act in both pathways,
converting 20:3 to 20:4 in the ω-6 pathway, and 20:4 to EPA in the ω-3 pathway [52,53].
Overall, cultures grown under red light revealed increased abundance of 16:3 and EPA, a
trend which was also reflected in the TAG composition. It is possible that red light induced
recycling of plastidal membrane fatty acids through phospholipase A activity given the
increased abundance of 16:3 in TAG [54]. The overall increase in C16 fatty acids, namely
16:2 and 16:3, could suggest variations in lipid classes such as monogalactosyldiacylglycerol
(MGDG) and digalactosyldiacylglycerol (DGDG), responsible for fucoxanthin chlorophyll
proteins (FCP) stabilization and electron transport [55]. The decreased abundance of 18:4
in cultures grown under red illumination could also suggest a prominence of ∆6-elongase
activity or gene expression in the ω-3 pathway converting 18:4 to 20:4, rather than GLA to
ETA in theω-6 pathway, and increased ∆5-desaturase activity, resulting in the observed
EPA increase. Blue light induced an increase of 16:1 and decrease in EPA content overall;
however, the major changes in TAG composition were observed in C18 fatty acids. In sum,
cultures grown under red LED illumination presented a high concentration of chloroplasti-
dal fatty acids and long chain PUFAs, while blue light-growth induced the accumulation
of EPA precursors in TAG (Figure 11). These results could imply an interaction between
light quality, photoreceptors and regulation of genes involved in the lipid and fatty acid
metabolism. It is interesting to notice that stearidonic acid, a precursor of EPA with known
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significant health promoting effects [56], also had its concentration increased in the cultures
grown under blue light illumination. In sum, cultures grown under red LED illumination
presented a high concentration of long-chain fatty acids, while blue light-growth induced
the accumulation of its precursors (Figure 11).
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Another group of interesting value-added products produced by marine diatoms
are the carotenoids with relevant applications for biotechnology and human health as
nutraceuticals [57,58]. From the wide array of pigments produced by diatoms some like β
-carotene and Fx have been widely investigated and targeted in studies aiming to enhance
its production in microalgae cultures [2,57,58]. Generally speaking, carotenoid pigment
production is related to local environmental conditions (such as light conditions and nutri-
ent availability). Fucoxanthin, chlorophyll a and c are the main light-harvesting pigments
in diatoms, whereas β-carotene, DD and DT are mainly involved in photoprotection mech-
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anisms [45]. Regarding the potential nutritional aspects of carotenoids produced these
also highlight the potential application of red and blue illumination for improving P. tri-
cornutum nutraceutical value. β-carotene is typically the most abundant carotenoid in
plants, presenting a recognized antioxidant value, associated with a reduced risk of several
diseases including cardiovascular disease [59]. This comes largely from the ability of this
pigment to act as a reactive oxygen species (ROS) scavenger [59]. The increase in the pool
of β-carotene, precursor of all the other carotenoids, also allows the increased production
of other carotenoids such as Fx. Fucoxanthin is a pigment mainly found in brown seaweed
and Bacillariophyta (diatoms) [60], and thus any reinforcement in its production is of
value-added for industry purposes. This carotenoid has known antioxidant, antiobesity,
antidiabetic and anticancer activities [60]. At this level Red LED illumination had a higher
effect in the per cell content of this carotenoid, but yet both Blue and Red LED treatments
are able to improve diatom Fx production. However, based on the data we conclude that
both LED treatments are equally efficient in inducing carotenoid production.

Some similarities observed from the pigment profiles under red and blue light exposed
cultures can result from diatom adaptation to the marine environment at different water
column depths and are consistent with other studies on phytoplankton [61,62] (Figure 11).
In the marine environment, under oligotrophic conditions, light in the blue-green and red
spectrum are dominant at higher and lower depths, respectively [63]. Longer wavelengths
of the visible light spectrum commonly attenuate faster in water. In consequence, propor-
tions of the red spectral range of light might be higher at subsurface layers where light
intensities are higher. Based on the results presented in this study, we propose that diatoms
at subsurface layers perceive higher proportions of blue light, inducing less unsaturated
TAG remobilization to increase their density and buoyancy. In contrast, diatoms at surface
layers might perceive high light flux rates, potentially causing oxidative stress and pho-
todamage. In consequence, carotenoid based photoprotective mechanisms are induced,
and the photosynthetic activity is reduced, while cellular energy is dissipated through
the consumption of lipid reserves (TAG) leading to reduced cell density and buoyancy
reduction. We therefore propose that the proportion of red to blue light are sensed by
the diatom cell, either via photoreceptors and/or by physiological feedback loops of the
light absorbing and photosynthetic apparatuses (Figure 11) [64]. However, given the com-
plex and diverse light environments in aquatic habitats [15], this proposed mechanisms is
speculative and requires further investigation and validation in other planktonic diatom
species. Deeper investigation into the natural conditions of light availability in diatom
inhabited environments, both in intensity and spectral light composition, may result in
better understanding of the apparent complex interplay of cellular light absorption, light
perception, photosynthetic activity and other cellular adaptation mechanisms. We propose
that such mechanisms may be hijacked for an environmentally friendly production of
particular high value products by diatoms, to foster a more sustainable economy in future.
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Abstract: A microalga, Isochrysis galbana, was chosen in this study for its potent natural antioxidant
composition. A broad bioactive compounds spectrum such as carotenoids, fatty acid polyunsaturated
(PUFA), and antioxidant activity are described with numerous functional properties. However, most
of the optimization of extraction use toxic solvents or consume a lot of it becoming an environmental
concern. In this research, a Box-Behnken design with desirability function was used to prospect
the bioactive composition by supercritical fluid extraction (SFE) after performing the kinetics curve
to obtain the optimal extraction time minimizing operational costs in the process. The parameters
studied were: pressure (20–40 MPa), temperature (40–60 ◦C), and co-solvent (0–8% ethanol) with a
CO2 flow rate of 7.2 g/min for 120 min. The response variables evaluated in I. galbana were extraction
yield, carotenoids content and recovery, total phenols, antioxidant activity (TEAC method, trolox
equivalents antioxidant capacity method), and fatty acid profile and content. In general, improvement
in all variables was observed using an increase in ethanol concentration used as a co-solvent (8% v/v
ethanol) high pressure (40 MPa), and moderately high temperature (50 ◦C). The fatty acids profile was
rich in polyunsaturated fatty acid (PUFA) primarily linoleic acid (C18:2) and linolenic acid (C18:3).
Therefore, I. galbana extracts obtained by supercritical fluid extraction showed relevant functional
ingredients for use in food and nutraceutical industries.

Keywords: microalgae; fucoxanthin; fatty acids; antioxidant; supercritical CO2 extraction; co-solvent.

1. Introduction

Lately, the interest in studying the food applications of microalgae has increased significantly
due to high nutritional value and a vast variety of novel metabolites with numerous innovative
food applications. These could be considered such as nutraceuticals, food supplement, functional
ingredients, or functional foods. Continually, new interpretations, and dynamic situation in the food
sector provoke that these applications are situated between ordinary food and medical drugs [1].
In addition, huge interest has emerged among consumers and the nutrition industry in novel
products that can promote good health, improve the state of wellbeing, and decrease the risk
of diseases [1,2]. Diabetes, cardiovascular diseases, obesity, hypertension, cancer, or depression
are some examples of diseases where these novel products combined with healthy lifestyle could
modulate them [1,2]. Although microalgae have been used for centuries as a source of nutrition [3],
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many species such as Arthrospira maxima, A. platensis, Chlorella vulgaris, Haematococcus pluvialis,
Isochrysis galbana, Scenedesmus sp., Porphyridium cruentum, or Phaeodactylum tricornutum have been
recently included for their composition [4–6]. Proteins, amino acids, polysaccharides, pigments,
carotenoids (β-carotene or astaxantina), vitamins, and fatty acids between other are compounds
described for theirs beneficial health effects such as: anti-inflammatory, protection of UV radiation,
immune system, arthritis, Alzheimer’s disease, or cancer or applications in pharmaceutical or cosmetics
industries (natural colorants or anti-aging products) [1,4,5,7].

This current research particularly focused on Isochrysis galbana (Phylum: Haptophyta). This marine
microalga has served in the aquaculture industry as a feed of bivalves, fish larvae, crustaceans,
and mollusks for years [8]. Recently, this microalga has also been of interest in adjusting the
composition of significant biomolecules, such as polysaccharides, fatty acid, carotenoids, vitamin, and
sterols which are bioactive compounds that elicit positive nutrition in human foods or animal feed.
Further, these molecules have demonstrated their therapeutic potential against several diseases like
cancer, diabetes, cardiovascular and infectious diseases, among others [9,10]. I. galbana has also been
described as a significant source of vitamin A and E, folic acid, nicotinic acid, pantothenic acid, biotin,
thiamin, riboflavin, pyridoxine, cobalamin, chlorophyll (a and c), fucoxanthin, and diadinoxanthin [11].

I. galbana harbors specific carotenoid fucoxanthin and has high content of bioactive compounds
including polyunsaturated fatty acids (PUFA) profile such as docosahexaenoic acid (DHA). Fucoxanthin
is also present in brown seaweed or several diatoms, such as Phaeodactylum tricornutum, and its activity
as an anti-inflammatory, antioxidant, and anticancer has been demonstrated in several studies [12].
Additionally, fucoxanthin is also able to modulate certain genes implicated in the cell metabolism, a
property seemingly essential for good health [13,14]. In addition, the presence of PUFA is beneficial
because they contribute to the production of prostaglandins, and/or thromboxanes which are biologically
active substances that play important roles in the reduction of cholesterol and triglycerides in the blood
as well as prevention of cardiovascular diseases, atherosclerosis, skin diseases, and arthritis [15,16].
PUFAs should be included in the daily diet because they cannot be synthesized by humans or animals
per se [16].

For the extraction of bioactive compounds, an ideal extraction method should result in a rapid
quantitative recovery of the target without degradation, and the removal of the solvent post-extraction
should be easy and rapid. Many bioactive natural products are thermolabile and can degrade
while using traditional extraction methods. For these reasons, supercritical fluids extraction (SFE)
through carbon dioxide has been demonstrated as an effective method for the extraction of bioactive
compounds [9,17]. The primary advantages of this green extraction are: (i) the possibility to change
the density of the fluid through controlled pressure and/or temperature accompanied by modified
extraction solubility, (ii) use of green solvent generally recognized as safe (GRAS), and (iii) lower
extraction times with enhanced extraction yield [9,18].

Therefore, the aim of this study was to extract and investigate the total carotenoids (fucoxanthin
represented as main total carotenoids by spectrophotometry method) present in I. galbana using the
supercritical fluid extraction technique through carbon dioxide. Parameters of temperature (40–60 ◦C),
pressure (20–40 MPa), and percentage of co-solvent (0–8% ethanol) were controlled based in other
previous studies [9]. The extraction yield, total carotenoids content and its recovery, total phenols,
antioxidant activity (TEAC, trolox equivalents antioxidant capacity), and fatty acid profile of the
obtained extracts were determined. The kinetic study was also performed to control the optimal
extraction time in the prospection of total carotenoids from I. galbana. Finally, the optimal parameters are
recommended for time and extraction conditions of total carotenoids and other compounds present in
I. galbana, which have significant potential in functional and biotechnological applications minimizing
operational costs in the process, for example, the volume of ethanol.
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2. Materials and Methods

2.1. Chemicals and Samples

The microalga I. galbana was selected for this research. Mexican Company “Microalgas Oleas de
México S.A.” (Guadalajara, Mexico) kindly donated the dry biomass for this research. The microalga
was cultured under a controlled condition and harvested in its exponential growth phase. The biomass
was dried under the freeze-dry system such as Labconco FreeZone 2.5 L Benchtop Dry System
(Labconco, Kansas City, MO, USA), packed in vacuum sealing plastic bags, and stored at 4 ± 2 ◦C in
darkness until use. The chemical materials used for supercritical fluid extraction (SFE) were carbon
dioxide (99% purity), purchased from Indura Group Air Products (Santiago, Chile) and ethanol (99.5%),
from Merck (Darmstadt, Germany). Other chemicals such as ultrapure water, fucoxanthin standard,
gallic acid, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox, ≥ 97%), 2,2-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid (ABTS ≥ 99%), and Folin–Ciocalteu phenol reagent were
purchased from Sigma-Aldrich (Santiago, Chile). Chromatographic grade ethyl acetate, water,
acetonitrile, methanol, and n-hexane were purchased from Sigma-Aldrich (Santiago, Chile). For fatty
acid identification and quantification, a standard fatty acid methyl ester (FAME) mix, C4-C24, supplied
by Supelco Analytical (Bellefonte, PA, USA) was used, and tripentadecanoin > 99% (Nu-Check Pre,
Inc., Elysian, MN, USA) was used as the internal standard.

2.2. Supercritical Fluid Extraction

The extractions were carried out using a Speed Helix supercritical extractor (Applied Separation,
Allentown, PA, USA) as per the scheme presented in Figure 1. For each extraction, 2 g of freeze-dried
biomass of I. galbana was used, previously ground and sieved using a standard sieve of 35 mesh of the
Tyler series (particle size ≤ 0.354 mm), along with polypropylene wool and glass beads (Φ = 1 mm),
which was then inserted into stain-steel extraction cell of 24 mL.
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Figure 1. Diagram of the supercritical fluid extraction (SFE) equipment (Applied Separations, Speed,
Allentown, PA, USA). The main parts are: CO2 cylinder; CO2 pump; compressor; modifier pump;
solvent tank; inlet valve; heater; extraction vessel and oven vessel; micrometric valve; sample collection.

In all cases, a flow rate of 7.2 g/min was maintained for CO2 and each extraction was carried
out for 120 min. Extraction conditions of the microalga were selected based on preliminary kinetics
assays with I. galbana and were set for 150 min to ensure the complete removal of bioactive compounds.
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The resulting extracts were collected in vials and the residual ethanol was evaporated under an
N2 gas stream by Flexivap Work Station (Model 109A YH-1, Glas-Col, Terre Haute, IN, USA) for
calculating extraction yield. Then, dried extracts were stored at −20 ◦C and protected from light until
further analysis.

2.3. Experimental Design

A Box-Behnken design was implemented in random run order (Table 1), generating 15 experimental
conditions tested (Table 2). As per this design, three factors were evaluated at three different
experimental levels of temperature (40–60 ◦C), pressure (20–40 MPa), and percentage of ethanol as
a co-solvent (0–8% v/v). The effects of the factors on different responses, including extraction yield
(Y), total carotenoids content (TCC) and its recovery (TC recovery), total phenolic content (TPC),
antioxidant activity (TEAC assay), and fatty acids profile (FAMEs) were studied. The experimental
design and data analysis were carried out using response surface methodology (RSM) with Statgraphics
Centurion XVI®(StatPoint Technologies, Inc., Warrenton, VA, USA) software.

In a design that involves three factors X1, X2, and X3, the mathematical relationship of the
response with these factors is approximated by the quadratic polynomial equation named second
degree Equation (1) described below:

Y = β0 + β1X1 + β2X2 + β3X3 + β12X1X2 + β13X1X3 + β23X2X3 + β11X2
1 + β22X2

2 + β33X2
3 (1)

where Y = estimate response; β0 = constant; β1, β2, and β3 = linear coefficients; β12, β13, and
β23 = interaction coefficients between the three factors; β11, β22, and β33 = quadratic coefficients.
Multiple regression analysis is done to obtain the coefficients and the equation can be used to predict
the response.

The effects of the independent factors on the response variables in the separation process were
assessed using pure error, considering a confidence level of 95% for all the variables. The effect of each
factor and its statistical significance, for each of the response variables, were analyzed using ANOVA
and standardized Pareto chart. The response surfaces of the respective mathematical models were also
obtained, and their significance was accepted at p ≤ 0.05. A multiple response optimization was carried
out through the combination of experimental factors, to maximize the desirability function for the
responses in the extracts. The desirability function method was applied to generate optimum conditions
having some specific desirability value (close to =1 indicate that the setting achieves favorable results
for all responses). All variables were obtained with the same equal weight = 1 (maximizing response).

2.4. Kinetic Study

A kinetic curve was plotted between the optimal extraction time versus the accumulated extract
and total carotenoids content. The kinetic study was performed at the central point of the experimental
design (30 MPa, 50 ºC, and 4% co-solvent ethanol, v/v) as described by Gilbert-López et al. [19].
Each sample was analyzed for 4–6 min in the first 1 h and then 15 min for a total of 150 min. In this
assay, the extraction yield (Y, %) and total carotenoids content (TCC, mg/g biomass) were calculated at
each point of the curve. This assay was performed in duplicate with a total of 34 points per sample.

2.5. Extracts Analysis

2.5.1. Total Carotenoids Content (TCC)

Total carotenoids were determined in I. galbana biomass using a fucoxanthin standard
(Sigma-Aldrich, 0–50 ppm) on a UV–Vis spectrophotometer (Shimadzu UV–1280, Kyoto, Japan).
The absorption spectrum of total carotenoids was assessed in the maximum absorption wavelength
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selected of fucoxanthin because it is the main pigment on total carotenoids described in I. galbana [19,20].
This wavelength was 447.4 nm and Equation (2) was used to determine the total carotenoids content.

TCC =
(A447.4× 8.66× DF ×V)

Mbiomass
(2)

where TCC = total carotenoids content in mg/g biomass, A447.4 = the absorbance of the sample at λ
max, 8.66 = the specific slope of the standard curve, DF = dilution factor of solvent, V = the solvent
volume used in mL, and finally, Mbiomass is the mass of I. galbana in mg. Then, each ethanolic
extraction after SFE of I. galbana biomass was measured and the final concentration of total carotenoids
was calculated. The determination was carried out in triplicate (n = 3).

2.5.2. Total Carotenoids Recovery

The effect of operating conditions on total carotenoids extraction was expressed in terms of
recovery, which was calculated on the basis of the initial mass of each compound as per Equation (3):

Recovery (%) =
(Wc

Wt

)
× 100 (3)

where WC = mass of the compound extracted (mg); Wt = theoretical mass of the compound from a
conventional extraction (mg). The total carotenoids were extracted by a conventional method using
methanol for 24 h in a shaker incubator at 300 rpm at 30 ◦C, providing an average extracted of
24.4 ± 2.2 mg/g of total carotenoids.

2.5.3. Total Phenol Content (TPC)

Estimation of TPC was based on the 96-well microplate Folin–Ciocalteu method described by
Ainsworth and Gillespie [21]. A total of 20 µL of the diluted extract (2.0 mg/mL) were mixed with 100 µL
of 10% (v/v) Folin–Ciocalteu reagent and shaken. The mixture was left resting for 5 min. then 75 µL
of sodium carbonate solution (700 mM) was added and was again shaken for 1 min. After 60 min at
room temperature, the absorbance was measured at 765 nm on a microplate reader (BioTek Synergy
HTX multi-mode reader, software Gen 5 2.0, Winooski, VT, USA). The absorbance of the same reaction
with methanol, instead of the extract or standard, was subtracted from the absorbance of the reaction
with the sample. For calibration, gallic acid dilutions (0–2 mg/mL) were used as standards. The results
were expressed as gallic acid equivalents (GAE)/g biomass and were presented as the average of
three measurements.

2.5.4. Determination of Antioxidant Activity

The Trolox equivalents antioxidant capacity (TEAC) value was determined using the method
described by Re et al. [22], with a few modifications [23]. 2,2′-Azino-bis (3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt (ABTS•+) radical was produced by reacting 7 mM ABTS and 2.45 mM
potassium persulfate in the dark at room temperature for 16 h. The aqueous ABTS•+ solution was
diluted with 5 mM sodium phosphate buffer at pH 7.4 to an absorbance of 0.7 (± 0.02) at 734 nm.
Then, 20 µL of sample and 180 µL of ABTS•+ solution was added in a 96-well microplate reader
of a spectrophotometer. The absorbance was measured at 734 nm within 10 min of the reaction.
6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox) was used as reference standard and
results were expressed as TEAC values (mmol Trolox equivalents (TE)/g biomass). All analyses were
done in triplicate (n = 3).

2.5.5. Extraction of Fatty Acid

The extraction of fatty acid methyl esters (FAMEs) was performed as per the direct acid catalysis
method described by Lamers et al. [24] with a few modifications. Briefly, the reaction mixture containing
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10 mg of SFE extract, 10 ppm of internal standard, and 3 mL of 5% (v/v) H2SO4 solution in methanol
was incubated at 80 ◦C for 1 h with continuous agitation. Then, the flasks were washed with hexane and
Milli-Q water until the pH of the water after washing was neutral. The mixture was separated into two
layers by centrifugation (360 ×g, 10 min). The upper oil layer (FAMEs diluted in hexane) was separated
and washed with Milli-Q water for further analysis and quantification by gas chromatography.

2.5.6. Analysis of Fatty Acids

In order to analyze the fatty acid composition, a gas chromatograph (Shimadzu 2010, Kyoto, Japan)
equipped with a flame ionization detector (FID) and a split/splitless injector was used. In all the
cases, samples (1 µL) were injected into a capillary column (RESTEK; 30 m, 0.32 mm i.d., 0.25 µm film
thickness). The injector temperature was maintained at 250 ◦C in the split mode with a split ratio of 20:1
and nitrogen was used as the carrier gas at a constant flow rate of 1.25 mL/min. The oven temperature
was maintained at 80 ◦C for 5 min, increased to 165 ◦C at the rate of 4 ◦C/min and maintained for
2 min, and further increased to 180 ◦C at the rate of 2 ◦C/min and maintained for 5 min. It was further
heated at a rate of 2 ◦C/min to 200 ◦C for 2 min, then at a rate of 4 ◦C/min to 230 ◦C and maintained for
2 min, and finally maintained at that temperature for 2 min, reaching 250 ◦C at 2 ◦C/min. The detector
temperature was 280 ◦C. Individual FAMEs were identified by comparing their retention times with
those of mixed FAME standards (FAME Mix C4-C24, Supelco Analytical) and quantified by comparing
their peak area with those of mixed FAME standards and an internal standard (tripentadecanoin
~10 ppm/sample, Nu-Check Pre, Inc., Elysian, MN, USA).

3. Results and Discussion

3.1. Specific Kinetics and Selection of Box-Behnken Design of Supercritical Fluid Extraction from
Isochrysis galbana

Optimum extraction time was set by analyzing the kinetics of the extraction carried out by SFE.
Figure 2 shows the evolution of the performance and the TC accumulated vs. extraction time of 150 min.
The condition was marked as a central point of the experimental design chosen (30 MPa, 50 ◦C, 4%
v/v of co-solvent ethanol). Each extract was recovered at the established time point as described in
the material and methods section and the percentage of the extractable was calculated. The yield
extraction curve reached a plateau at 60 min and total carotenoids between 100 and 120 min.
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For consolidating the maximum in all the variables studied, an optimal extraction time of 120 min
was set for each SFE condition as after this time there was no increase in the amount of extracted
material. In particular, the maximum value of total carotenoids recollected was approximately 99.80%
(~ 6.53 mg/g) and the extraction yield was 99.8% (~ 4.67%, w/w) at 120 min.

On the other hand, Box-Behnken statistical design was selected for this study because previous
works demonstrated that models 2 K did not represent adequately the bioactive compounds extraction
process (results not shown). Respect to the percentage of co-solvent, we also tested with less range
(0%-4% v/v) and all variables content was improved under 4% ethanol. For this reason, we expand
to 8% of the volume of ethanol in order to minimize the cost process under the Box-Behnken design.
Table 1 shows the results of the ANOVA and Regression coefficients for each variable. Here, R-Square
statistic indicated that the quadratic model was well adjusted in against lineal or second order. It means
the variability in all studied variables. In the case of the adjusted R-square statistic were slightly smaller
than R-squared and in the same way lack-of-fit determined that the selected model was adequate
to describe the observed data. This test was performed by comparing the variability of the current
model residuals to the variability between observations at replicate values of the independent variable.
Since the p-value for lack-of-fit in the ANOVA table was greater or equal to 0.05, the model appears to
be adequate for the observed data (except FAME data that was close to 0.05).

Table 1. Regression coefficients (values of variables are specified in their original units, extraction
yields (Y), total carotenoids content (TCC), TC recovery, total phenol content (TPC), Trolox equivalents
antioxidant capacity (TEAC) antioxidant method), fatty acid methyl ester (FAMEs), and statistics for
the fit obtained by multiple linear regression.

Terms of the
Model

Y TCC TC recovery TPC TEAC FAMEs

Estimated p-value Estimated p-value Estimated p-value Estimated p-value Estimated p-value Estimated p-value

constant 51.47 35.73 146.47 –619.40 –2.85 –17.72
A:P –0.09 0.05 * 0.11 0.18 0.44 0.18 2.38 0.32 –0.0007 0.02* 0.07 0.15
B:T –1.44 0.14 –1.73 0.67 –7.10 0.67 17.03 0.19 0.124 0.81 0.44 0.43

C:Co-solvent –1.23 0.0012 * –2.27 0.009* –9.32 0.009 * –21.94 0.07 0.0364 0.05 * –0.63 0.01 *
AA 0.00002 0.83 –0.00021 0.31 –0.00086 0.31 –0.0045 0.05 * –3.33 E–7 0.91 –0.0001 0.06
AB 0.0019 0.051 0.0004 0.83 0.0016 0.84 0.0030 0.87 0.00003 0.29 0.0004 0.64
AC 0.0001 0.96 0.0049 0.33 0.020 0.33 0.0775 0.12 –0.00001 0.86 0.0002 0.91
BB 0.0078 0.37 0.014 0.48 0.058 0.48 –0.2061 0.29 –0.00136 0.01 * –0.0064 0.17
BC 0.045 0.06 0.037 0.45 0.151 0.45 0.2357 0.59 0.00069 0.36 0.032 0.16
CC –0.025 0.63 0.033 0.79 0.136 0.79 –0.7877 0.50 –0.00677 0.01 * –0.061 0.10

Lack-of-Fit 0.13 0.29 0.30 0.10 0.05 0.04
Statistics for the goodness of fit of the model

R2 0.930 0.825 0.825 0.806 0.918 0.874
Adjusted R2 0.804 0.510 0.510 0.457 0.770 0.647

RSD 1.506 3.565 14.616 33.068 0.054 1,567
P 0.336 0.905 0.905 0.356 0.871 0.251

C.V. 0.639 0.647 0.647 0.676 0.529 0.558

Note: R2—determination coefficient, adjusted R2, RSD—residual standard deviation, p-value of the lack-of-fit test
for the model; C.V.—coefficient of variation; * significant coefficients of the model.

3.2. Effects of Different Parameters on the Extraction Yield and Total Carotenoids Content and Recovery

The experimental conditions and results of the Box-Behnken design for the extraction conditions
for I. galbana by SFE for 120 min are listed in Table 2. The range of extraction yield (Y) was 1.09–12.82%
(w/w) and that of total carotenoids content (TCC) was 1.34–19.01 mg/g.

In this table, the total carotenoids recovery is also mentioned, which was estimated as the
percentage of the total carotenoids extracted in each sample to the total carotenoids extracted in a
conventional methanol extraction, which was assumed to be 100% (24.40 ±2.24 mg/g) with respect
to dry biomass. The recovery of total carotenoids reached 5.50% under pure CO2 and 77.93%
when CO2 modified with 8% (v/v) ethanol was used. The conditions were at 20 MPa/50 ◦C and at
300 MPa/60 ◦C, respectively.

Letters in the experiment column are the acronyms of the tested variables: Pressure (P) and
Temperature (T). Values are represented as a mean standard deviation. It was SD ≤ 5% (n = 3 analytical
measurement). All values were calculated per gram of initial biomass.
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Table 2. Extraction yields (Y), total carotenoids content (TCC), total carotenoids recovery (TC recovery),
total phenol content (TPC), TEAC antioxidant method, and fatty acid methyl ester (FAMEs) by SFE
from freeze-dried Isochrysis galbana using Box-Behnken experimental design. The general parameters
were biomass loading = 2.0 g, CO2 flow rate = 7.4 g/min, extraction time = 120 min.

Run
P T Co-solvent Y TCC TC Recovery TPC TEAC FAMEs

(MPa) ( ◦C) (%) (%, w/w) (mg/g) (%, w/w) (mg GAE/g) (mmol TE/g) (mg/g)

1 30 40 8 5.71 ± 0.24 14.09 ± 0.55 57.75 ± 2.30 93.33 ± 3.52 0.11 ± 5.3 × 10−3 3.41 ± 0.13
2 40 40 4 6.16 ± 0.16 9.66 ± 0.32 39.61 ± 1.45 50.93 ± 2.01 0.28 ± 1.3 × 10−2 5.56 ± 0.16
3 40 60 4 10.25 ± 0.49 6.22 ± 0.29 25.49 ± 1.10 22.89 ± 1.02 0.33 ± 1.4 × 10−2 5.41 ± 0.21
4 40 50 0 2.28 ± 0.11 4.05 ± 0.16 16.61 ± 0.74 5.98 ± 0.23 0.22 ± 1.1 × 10−2 1.18 ± 0.04
5 20 50 0 1.09 ± 0.03 1.34 ± 0.06 5.50 ± 0.21 5.71 ± 0.20 0.15 ± 7.5 × 10−3 0.47 ± 0.02
6 30 50 4 5.79 ± 0.21 7.02 ± 0.33 28.78 ± 1.35 109.31 ± 3.56 0.31 ± 1.4 × 10−2 7.57 ± 0.26
7 40 50 8 8.78 ± 0.32 15.33 ± 0.72 62.85 ± 2.68 157.16 ± 3.66 0.31 ± 1.5 × 10−2 7.19 ± 0.33
8 30 50 4 5.19 ± 0.24 10.83 ± 0.51 44.38 ± 1.89 94.40 ± 4.02 0.40 ± 1.8 × 10−2 7.63 ± 0.29
9 30 50 4 4.36 ± 0.20 6.00 ± 0.28 24.57 ± 1.02 120.77 ± 4.02 0.33 ± 1.5 × 10−2 6.87 ± 0.32
10 30 60 8 12.82 ± 0.06 19.01 ± 0.92 77.93 ± 2.87 76.06 ± 3.52 0.20 ± 9.0 × 10−3 8.82 ± 0.38
11 30 60 0 1.64 ± 0.08 2.74 ± 0.18 11.24 ± 0.42 37.71 ± 1.44 0.04 ± 1.0× 10−3 2.86 ± 0.12
12 20 40 4 5.73 ± 0.12 9.11 ± 0.45 37.33 ± 1.63 67.87 ± 3.21 0.15 ± 6.2 × 10−3 3.50 ± 0.13
13 20 50 8 7.43 ± 0.35 4.85 ± 0.23 19.87 ± 0.75 32.90 ± 1.20 0.26 ± 1.2 × 10−2 6.09 ± 0.28
14 30 40 0 1.80 ± 0.08 3.72 ± 0.17 15.25 ± 0.65 92.69 ± 3.54 0.06 ± 2.1 × 10−3 2.63 ± 0.11
15 20 60 4 2.15 ± 0.10 4.10 ± 0.20 16.80 ± 0.82 28.04 ± 1.32 0.07 ± 2.9 × 10−3 1.78 ± 0.07

The obtained mathematical models that maximize the yield (4), TCC (5), and TC recovery (6) were
studied. The significant variables in the study, and which responded to the combined relationships
between process variables, are given as follows:

Y = 51.46 - 0.093·P - 1.23·Co-solvent + 0.000018·P2 + 0.0019·P·T + 0.0001·P·Co-solvent
+ 0.045·T·Co-solvent - 0.025·Co-solvent2 (4)

TCC = 35.73 - 2.27·Co-solvent + 0.0049·P·Co-solvent + 0.037·T·Co-solvent + 0.033·Co-
solvent2 (5)

TC recovery = 146.47 - 9.32·Co-solvent + 0.020·P·Co-solvent + 0.15·T·Co-solvent +

0.14·Co-solvent2 (6)

Table 1 further provides more information on the obtained statistical results by presenting the
estimated regression coefficients of all the factors and interactions for each response variable.

In the case of the variables TCC content and TC recovery (Equations (4) and (5)), only the co-solvent
factor was found significant in the extraction process. For the response variable Y (Equation (3)), the
pressure factor was added to the co-solvent factor, as both were relevant from of I. galbana using SFE.
In addition, Figure 3A to 3C show the response surfaces based on the selection of factors for the best
recoveries of Y, TCC, and TC recovery, respectively. As is evident, higher Y, TCC, and TC recovery
were obtained with an increase in co-solvent percentage.

This corroborates with the outcomes described by Gilbert-López et al. [19]. This study
demonstrated that sequential steps using various pressurized green solvents have improved selectivity
for bioactive compound recovery from Isochrysis galbana. The assays performed by SFE under pure
CO2 improved the yield of triacylglycerides but not carotenoids (optimal condition was 30 MPa/50 ◦C,
achieving 16.2 ± 0.3 mg carotenoids/g extract and 5% (w/w) of yield). Conversely, the best possible
recovery of fucoxanthin was observed by increasing the ethanol co-solvent to 45% (v/v), denominated
as carbon dioxide expanded ethanol (CXE) extraction under low pressures [19]. This recovery of
carotenoids is in accordance with a study by Conde et al. [25] using ethanol as a modifier and allowed
higher extraction yields, particularly of fucoxanthin.

The yield also improved when the pressure was increased to 40 MPa. Several reports confirm
that high pressure and temperature result in better yield for the same extraction duration [25,26].
A clear benefit of the increased pressure with co-solvent was the enhanced solvent density of CO2.
Nevertheless, the temperature was not a significant parameter in the results of our statistical analyses,
but in general, the best response was observed under higher values of this factor such as 60 ◦C

50



Appl. Sci. 2020, 10, 2789

(Figure 3). In this way, the “optimal values” delivered by the software for statistical analysis were
15.15%, 18.14 mg/g, and 74.36% w/w of Y, TCC, and TC recovery, respectively, under 40 MPa, ~60 ◦C
and ~8% co-solvent. These experiences, in a certain way corresponded to the extraction conditions used
in the experiment where the variables were improved (30 MPa, 60 ◦C, and 8.0% co-solvent) obtaining a
lower value of 12.82% in extraction yield. However, TCC values and TC recovery of 19.01 mg/g and
77.93% w/w, respectively, were slightly higher than those predicted by the software.
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In general, the values achieved in this study are better than other reports of specific carotenoids
extraction from natural sources. For example, the microalgae Phaeodactylum tricornutum or Odontella
aurita [27,28] gave higher yield than those by brown seaweeds including Laminaria japonica, Eisenia
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bicyclis, and Undaria pinnatifida [27,29,30]. Kim et al. [27] reported several methods and solvents to
maximize fucoxanthin extraction from P. tricornutum, achieving the best yield of 16.51 mg/g under
pressurized liquid extraction (PLE) at 10.3 MPa, 100 ◦C, 100% ethanol, and static time of 30 min.
The content yielded was similar to that by maceration extraction (15.71 mg/g). Likewise, O. aurita is
another microalga and a natural producer of fucoxanthin as described by Xia et al. [28]. In their study,
besides optimizing culture conditions for improving this carotenoid, they attempted to determine
the optimal conditions for fucoxanthin extraction using five conventional solvents. The best yield of
fucoxanthin among the five tested solvents was obtained with methanol (16.18 mg/mg), followed by
ethanol (15.83 mg/g) and acetone (13.93 mg/g). Generally, conventional methods are applied to extract
bioactive compounds (especially from carotenoids family) using organic solvents [31] achieving better
extraction yield although they are often required large volumes, making the method expensive and
environmentally unfriendly [32]. For instance, Kim et al. [20] used different solvents and extraction
time to improve the fucoxanthin recovery and were able to obtain 20.87 mg/g of fucoxanthin from dry
biomass of marine microalga I. aff. galbana (CCMP1324) using acetone. These results are better than
total carotenoids rich in fucoxanthin extracted by SFE in our study, which may be due to an increase in
solvent density and swelling of the matrix because of co-solvent addition.

3.3. Total Phenolic Content and Antioxidant Response in Isochrysis galbana by Supercritical Fluid Extraction

Table 2 presents the results of total phenolic content (TPC) and TEAC method as an antioxidant
response. The estimated response surfaces are described in Figure 4A based on the parameters for TPC,
which was complemented with a summarized second-order polynomial Equation (7) as a mathematical
model to find the optimum conditions that maximize TPC as follows:

TPC = −619.40 + 2.38·P − 0.0045·P2 + 0.0029P·T + 0.077·P·Co-solvent (7)

This quadratic interaction of the pressure factor was significant for this response variable (TPC) as
is evident in Table 1. The optimal condition was determined to be 34.8 MPa, 48 ◦C, and 8% co-solvent
with an optimal yield of 133.9 mg GAE/g biomass. These results are better than those reported in other
studies using I. galbana as natural biomass rich in bioactive compounds through conventional methods
of extraction [33,34]. For example, Widowati et al. [33] and Foo et al. [35] reported yields from I. galbana
clone Tahiti, and I. galbana to be nearly 17.79 mg GAE/g and 12.24 mg GAE/g, respectively. Many
reports compare SFE with conventional processes because they have advantages and disadvantages in
both cases. In particular, fluids under supercritical condition reducing process time and enhancing
the extraction yield. Parameters as temperature or pressure ease selectivity, effective penetrating the
biomass and better mass transfer between phases versus conventional methods [18,36].

The results mentioned in Table 2 indicate enhanced TPC content with an increase in the percentage
of co-solvent (8% under optimal condition). In algae, the use of co-solvent such as ethanol increases the
polarity of SFE and with it, the phenolic compounds, antioxidant activity, and fucoxanthin recovery
are expected to increase [25,37,38]. Sargassum muticum is a brown alga rich in fucoxanthin, fatty acids
and phenolic compounds described by Conde et al. [25]. They demonstrated that an increase in the
ethanol concentration strongly improved variables such as total yield, radical scavenging capacity, and
the fucoxanthin extraction yield. However, due to the lower process selectivity, the phenolic content
using maximum co-solvent (10% ethanol) was moderately higher than with pure CO2. Other reports of
TPC extraction from conventional methods include studies by Goiris et al. [39] on Isochrysis ISO-T and
Isochrysis sp. giving yields of 2.67 and 4.57 mg GAE/g, respectively, which are relatively low. In a study
performed by Li et al. [40], 23 microalgae were evaluated using sequential organic solvent extraction
and it was observed that Nostoc ellipsosporum CCAP 1453/17 had a TPC of 60.35 ± 2.27 mg GAE/g.
The antioxidants, such as fucoxanthin and phenolic compound in Isochrysis sp., have been prescribed
for the prevention of the age-related changes in the central nervous system as they scavenge free
radicals and reactive oxygen species (ROS) [41].
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The use of ABTS in the radical scavenging assay is a popular indirect method for determining the
antioxidant capacity of bioactive compounds [42,43]. The antioxidant response was determined by
TEAC method. The mathematic model can be described as the second-order polynomial Equation (8):

TEAC = −2.85 − 0.00074·P + 0.036·Co-solvent − 3.33E−7·P2 + 0.000032·P·T −
0.000012·P·Co-solvent − 0.0014·T2 + 0.00069·T·Co-solvent − 0.0068·Co-solvent2 (8)

Here, several factors important in the TEAC determination such as pressure, presence of co-solvent,
and quadratic interaction of temperature and co-solvent in SFE extracts of I. galbana. Figure 4B shows
the estimated response surface and the obtained TEAC values are described in Table 2. The values
were between 0.04 and 0.40 mmol TE/g at SFE condition of 30 MPa, 60 ºC, and 0% co-solvent and
40 MPa, 60 ◦C, and 4% co-solvent, respectively. The optimal value was 0.42 mmol TE/g at 40 MPa,
51.6 ◦C, and 4.9% co-solvent. Likewise, a study by Reyes et al. [44] demonstrated a similar influence of
the factors on the TEAC response from H. pluvialis.

Particularly, our results indicate the influence of the solvent on the yield. Other authors have also
described the possibility of using different combinations of ethanol + water as co-solvent for green
extraction of bioactive compounds from a diverse natural source [45–47]. The inclusion of water as
co-solvent has been described as advantageous because it influences a fast and quantitative recovery
of the phenolic compounds, high anthocyanin concentration, and high antioxidant capacity [46,48].
Moreover, a reduced percentage of ethanol minimizes the cost and impact on the environment [48].

The antioxidant activity in this study was higher than that reported by other conventional methods.
For example, Goiris et al. [39] described Tetraselmis sp. with the best antioxidant capacity among
23 microalgae at 69.4 µmol TE/g. I. galbana is rich in antioxidant activity because of the presence
of carotenoids. The number of double and allenic bonds and the presence of an acetyl functional
groups in fucoxanthin are also responsible for the higher antioxidant activities [42,49]. Fucoxanthin
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and its derived metabolites display antioxidant activities comparable to that of α-tocopherol [43].
Nevertheless, very limited information is available about the phenolic contents and antioxidant activity
using SFE in I. galbana.

3.4. Measurement of Fatty Acid Composition

The fatty acid profiles were also identified along with FAME content (mg FAME/g) because they
can be used in different biotechnological applications. The FAME content per gram of biomass is listed
in Table 2. The range of FAME content was from 0.47 to 8.82 mg/g and Run 10 (30 MPa, 60 ◦C, and 8%
co-solvent) gave the best results of 8.82 mg/g followed by the central point of the Box-Behnken design
with values in the range of 6.87–7.63 mg/g. A summarized polynomial equation was obtained to
establish a mathematical model, reach optimum operating conditions, and maximize FAMEs contents
from I. galbana by SFE. Equation (9) and data in Table 1 indicate the relevance of the co-solvent factor
(p < 0.05) in the FAME quantification under these SFE conditions.

FAME = −39.50 5 − 0.30·Cosolvent + 0.0002·P·Cosolvent + 0.03·T·Cosolvent −
0.10·Cosolvent2 (9)

The optimal value suggested for the response work surface was 8.84 mg/g under the experimental
condition of 33.3 MPa, 57 ◦C, and 7.9% co-solvent, nearly similar to that observed in our study. These
results are presented in Figure 5 (response surface graphic) where at medium pressure, with high
temperature and co-solvent, FAME content increased in I. galbana although the co-solvent was the only
significant factor in the process. Extractions under increased pressures gave the best results as the
solubility of triglycerides could be improved due to an increase in the solvent density.
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Table 3 presents the profile of primary fatty acids derived from SFE extracts of I. galbana. The profile
(measured as % area) consists of polyunsaturated fatty acids (PUFAs) in the range of 25.4–95.6%,
MUFAs (monounsaturated fatty acids) in the range of 0.0–47.7%, and saturated fatty acids (SFAs) in
the range of 4.4–42.1% of total fatty acids. In general, the fatty acid profile was highlighted by linoleic
acid (C18:2) followed by linolenic acid (C18:3). Myristic acid (C14:0) and palmitic acid (C16:0) were the
main SFAs. The highest recoveries of MUFAs and PUFAs were found under two conditions at 20 MPa,
40 ºC, and 4% co-solvent (Run 12) and 30 MPa, 50 ºC, and 4% ethanol (Run 9), at nearly 47.7 and 95.6%,
respectively. SFE is considered an appropriate method for the extraction of fatty acids and lipids or for
compounds of low polarity from microalgae because of its non-polar property [50]. It is also a solvent
selective for neutral lipids such as triglycerides but does not solubilize phospholipids [51]. Our results
corroborate with several reports about the extraction of polar compounds, which could be enhanced
by adding of polar co-solvents, such as ethanol [52,53].
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Machmudah et al. [54] reported that an increase in the extraction pressure causes intensification in
carbon dioxide density and, consequently, an increase in the solvation power for fatty acids. Our results
show that under low pressures, more saturated fatty acids are extracted and when the pressure is
increased, the proportion of unsaturated fatty acids increases in the extracted phase, an observation
also supported by Cheung [55]. In general, this indicated that the triglycerides containing the more
unsaturated fatty acids could be soluble at higher densities of CO2 due to increase pressure factor.
However, the combined effects of pressure and temperature on the overall solubility of PUFA can vary
because it depends on their chain length and there seems to be a compromise between supercritical
fluid density and vapor pressure of the solute concerned [55].

3.5. Desirability Function

The desirability to maximize all studied variables has been summarized in Figure 6. This procedure
helped in determining the combination of experimental factors that involve simultaneous optimization
of several response variables and was selected for meeting these goals and giving equal importance
to all responses. The maximum ‘desirability’ predicted by the software was obtained in Run 7 with
parameters of 40 MPa, 50◦ C, and 8% co-solvent. The results were obtained as the extraction yield
of 8.78%, TCC of 15.33 mg/g, TC recovery of 62.85%, TPC of 157.16 mg GAE/g, TEAC of 0.31 mmol
TE/g, and FAME of 7.19 mg/g. The optimum desirability was obtained at 38.4 MPa, 56.74 ◦C, and 8%
co-solvent where the optimal results were extraction yield of 12.82%, TCC of 16.96 mg/g, TC recovery
of 69.53%, TPC of 114.57 mg GAE/g, TEAC of 0.32 mmol TE/g, and FAME of 8.31 mg/g. Finally, the
optimization desirability was determined to be 0.86 and the experiments under the optimum conditions
provided values close to those predicted by the statistical model.
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(8% ethanol, v/v) obtained for maximizing extraction yield (Y), total carotenoids content (TCC) and
recovery (TC recovery), phenol content (TPC), TEAC method, and FAMEs content from I. galbana.

4. Conclusions

The present study focused on the prospecting of bioactive compounds present in the microalgae
I. galbana by SFE for potential use in food, pharmaceuticals, and cosmetics. Several variables were
studied including extraction yield, total carotenoids content and recovery, total phenols, antioxidant
activity (TEAC method), and fatty acid content and profile. In general, the addition of ethanol as
co-solvent significantly increased the efficiency of SFE extraction for all variables, and to a lesser extent,
TEAC as antioxidant measurement. Another parameter to enhance the bioactive compound extraction
from I. galbana was pressure, although it was not a significant variable except in the TEAC method.
Particularly, linoleic acid (C18:2) followed by linolenic acid (C18:3) was highlighted in the profile
that was improved under higher pressure, thus indicating that as pressure increased, solubility of
triglycerides containing the more unsaturated fatty acids increased at higher densities. Concurrently,
desirability function that aided in the operational condition closer to the optimum was found in Run
7 (40 MPa, 50 ◦C, and 8% co-solvent, desirability predicted 0.79). To better explore the potential
of I. galbana, new and improved supercritical extraction with a higher percentage of ethanol could
be developed in spite of it could increase the operational costs in the process. In conclusion, this
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study provides functional information to optimize extraction of bioactive compounds from I. galbana
using SFE because of its rich content of bioactive compounds and antioxidant activity with increasing
demand in food, pharmaceuticals, and cosmetics market.
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3. Gantar, M.; Svirčev, Z. Microalgae and Cyanobacteria: Food for thought (1). J. Phycol. 2008, 44, 260–268.

[CrossRef] [PubMed]
4. Chacón-Lee, T.; González-Mariño, G.E. Microalgae for “healthy” foods—Possibilities and challenges. Compr.

Rev. Food. Sci. Food Saf. 2010, 9, 655–675. [CrossRef]
5. Gouveia, L.; Coutinho, C.; Mendonça, E.; Batista, A.P.; Sousa, I.; Bandarra, N.M.; Raymundo, A. Functional

biscuits with PUFA-ω3 from Isochrysis galbana. J. Sci. Food Agric. 2008, 88, 891–896. [CrossRef]
6. Dufossé, L.; Galaup, P.; Yaron, A.; Arad, S.M.; Blanc, P.; Murthy, K.N.C.; Ravishankar, G.A. Microorganisms

and microalgae as sources of pigments for food use: A scientific oddity or an industrial reality? Trends Food
Sci. Technol. 2005, 16, 389–406. [CrossRef]

7. Koyande, A.K.; Chew, K.W.; Rambabu, K.; Tao, Y.; Chu, D.T.; Show, P.L. Microalgae: A potential alternative
to health supplementation for humans. Food Sci. Hum. Wellness 2019, 8, 16–24. [CrossRef]

8. Pernet, F.; Tremblay, R.; Demers, E.; Roussy, M. Variation of lipid class and fatty acid composition of
Chaetoceros muelleri and Isochrysis sp. grown in a semicontinuous system. Aquaculture 2003, 221, 393–406.
[CrossRef]

9. Da Silva, R.P.; Rocha-Santos, T.A.; Duarte, A.C. Supercritical fluid extraction of bioactive compounds.
Trac-Trends Anal. Chem. 2016, 76, 40–51. [CrossRef]

10. Guedes, A.C.; Amaro, H.M.; Malcata, F.X. Microalgae as sources of high added-value compounds—A brief
review of recent work. Biotechnol. Prog. 2011, 27, 597–613. [CrossRef]

11. Mulders, K.J.; Weesepoel, Y.; Lamers, P.P.; Vincken, J.-P.; Martens, D.E.; Wijffels, R.H. Growth and pigment
accumulation in nutrient-depleted Isochrysis aff. galbana T-ISO. J. Appl. Phycol. 2013, 25, 1421–1430. [CrossRef]

12. Kalam, S.; Gul, M.Z.; Singh, R.; Ankati, S. Free radicals: Implications in etiology of chronic diseases and their
amelioration through nutraceuticals. Pharmacologia 2015, 6, 11–20.

13. Miyashita, K. Function of marine carotenoids. In Food Factors for Health Promotion; Karger Publishers: Kyoto,
Japan, 2009; Volume 61, pp. 136–146.

14. Raposo, M.; de Morais, A.; de Morais, R. Carotenoids from marine microalgae: A valuable natural source for
the prevention of chronic diseases. Mar. Drugs 2015, 13, 5128–5155. [CrossRef]

15. Sousa, I.; Gouveia, L.; Batista, A.P.; Raymundo, A.; Bandarra, N.M. Microalgae in Novel Food Products; Food
Chemistry Research Developments: New York, NY, USA, 2008; pp. 75–112.

16. Simopoulos, A.P. The importance of the ratio of omega-6/omega-3 essential fatty acids. Biomed. Pharmacother.
2002, 56, 365–379. [CrossRef]
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Featured Application: Marine biomass of Rhodotorula could be used as an alternative source of
PUFAs and carotenoids for human and animal nutrition, using raw glycerol for their culture.

Abstract: Due to the overexploitation of industrial fisheries, as the principal source of fish oil, as
well as the increasing replacement of synthetic pigments for animal nutrition, we need to find sus-
tainable sources for these essential nutrient productions. Marine Rhodotorula strains NCYC4007 and
NCYC1146 were used to determine the biosynthesis of docosahexaenoic acid (DHA) and carotenoids
by biotransforming raw glycerol, a waste product of biodiesel. To evaluate the presence of inhibitory
substances in raw glycerol, both strains were also grown in the presence of analytical grade glycerol
and glucose as the main carbon source separately. With raw glycerol, NCYC4007 showed a significant
correlation between DHA production and intracellular phosphorous concentrations. NCYC1146,
a new Rhodotorula strain genetically described in this work, can produce canthaxanthin but only
when glycerol is used as a main carbon source. Then, NCYC4007 could synthesize DHA as a
phospholipid, and the production of canthaxanthin depends on the kind of carbon source used by
NCYC1146. Finally, malate dehydrogenase activity and glucose production can be used as a proxy of
the metabolisms in these marine Rhodotorula. This is the first evidence that marine Rhodotorula are
capable of synthesizing DHA and canthaxanthin using an alternative and low-cost source of carbon
to potentially scale their sustainable production for animal nutrition.

Keywords: Rhodotorula sp.; docosahexaenoic acid (DHA); carotenoids; canthaxanthin; raw glycerol

1. Introduction

Rhodotorula species are pigmented basidiomycetous yeasts in the family Sporidiobo-
laceae [1]. This genus contains 37 species, and only three of them, including R. mucilaginosa
(formerly R. rubra), R. minuta, and R. glutinis, have been reported as causes of infection
in humans [2]. Most species of Rhodotorula have been isolated from terrestrial ecosys-
tems, which can metabolize diverse carbon sources. From the marine environment, the
Rhodotorula described: R. glutinis, R. glutinis var. dairiensis, R. aurantiaca, R. graminis, R. (mu-
cilaginosa) rubra, R. pilimanae, R. minuta and R. aurea are capable of metabolizing substrates
such as galactose, lactose, maltose, sucrose, melibiose, raffinose, turanose, melezitose and
cane molasses [3–5], and Rhodotorula glutinis, R. mucilaginosa, and R. gracilis are able to
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use glycerol and potato wastewater as a carbon source [6–8] but in low concentration of
sodium (≤1.1%).

From the marine ecosystem of the Southeastern Pacific twelve strains of marine fun-
goids capable of producing DHA, EPA and carotenoid pigments have been isolated [9]. In
particular, the NCYC4007 yeast strain, characterized at the molecular level as a Rhodotorula
strain, has been highlighted for its high production of DHA and carotenoids (23% and 11%
dried weight, respectively) when the commercial Sabouraud medium (SM) was used [9].
This strain has been successfully used for fish larvae nutrition [10]. Additionally, in SM,
a marine yeast from the Southern Austral marine ecosystem of Chile (strain NCYC1146),
characterized as a high producer of carotenoids, was isolated. However, the genetic identity
at the molecular level of this strain must be determined.

The strains NCYC4007 and NCYC1146 isolated from seawater seem to be promising
candidates for the biotechnological production of DHA and carotenoid pigments. However,
a crucial step to use them in that way needs to sort out the problem of the scaling the
production using alternatives source of carbon with a lower price than commercial growing
media (i.e., Sabouraud media). At the same time, the raising of the production of these
substances to an industrial level needs to satisfy that higher economic, environmental and
social sustainability can be reached.

In bioprocesses, raw glycerol is an important material for the economic viability of di-
verse fermentation processes. It is employed as alternative source of carbon different from
glucose, due to the abundance and low cost. Among these are the production of substances
of microbial origins such as 1, 3-propanediol, citric acid, succinic acid, polyhydroxyalka-
noates and rhamnolipids by bacteria [11]; DHA and EPA by Thraustochytrids [12–18]; and
lipids and carotenoid pigments by yeast isolated from terrestrial ecosystem [16–18]. Yeast
isolated from seawater such as Yarrowia lipolytica has been cultivated using raw glycerol [19],
although R. marina, a marine yeast member of the Rhodotorula genus, has not been culti-
vated using this raw substrate [17]. Other Rhodotorula members such as R. glutinis and R.
toruloides, have been cultivated using raw glycerol [14,17]; however, they have not been
isolated from seawater, and they require freshwater to grow.

In the present study, the capability of the marine Rhodotorula strain NCYC4007 and
the marine yeast strain NCYC1146 to grow using raw glycerol in seawater and produce
DHA and carotenoids was determined. To evaluate the presence of inhibitory substances
in raw glycerol, both strains were grown in a medium with analytical grade glycerol
and compared with the use of glucose as the main carbon source. The variables of the
biomass production, DHA, total carotenoids and kinetic growth parameters were assessed.
Subsequently, the fatty acid profile; carotenoid pigments; live microbial biomass and other
metabolic parameters (glucose, phosphorus, cholesterol content and enzymatic activity of
malate and lactate dehydrogenase) for both strains were characterized. Finally, the genetic
characterization at the molecular level of the strain NCYC1146 was determined.

2. Materials and Methods
2.1. Molecular Genotyping of the NCYC 1146 Strain through 18s rRNA Gene Sequence

DNA extraction from the NCYC 1146 strain was performed using Ultra Clean® Mi-
crobial DNA Isolation (MO BIO Laboratories INC.) (Carlsbad, CA, USA) following the
supplier’s instructions. DNA was stored at −20 ◦C.

The amplification of the ribosomal gene 18s rRNA was carried out by PCR, us-
ing the primers described 18S1 (5‘-AACCTGGTTGATCCTGCCAGTA-3′) and 18S12 (5′-
CCITGTTACGACITCACCTTCCTCT- 3′) [18]. Reaction mixture contained the following
reagents: 5× buffer of dNTPs, 2 mM of MgCl2, 1 U of Go-taq polymerase, 0.5 µM of each
primers and, approximately, 1.5 µL of DNA in a final volume of 25 µL. The amplification
conditions used were specified by Honda et al. [18] as follows: initial denaturation at 95 ◦C
for 5 min, followed by 35 amplification cycles. Each cycle consisted of denaturation at
95 ◦C for 30 s, alignment for 30 s at 55 ◦C and extension at 72 ◦C for 1 min, with a final
extension step of 72 ◦C for 10 min. PCR products were visualized through 2% in agarose
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gel electrophoresis. The bands were visualized by gel staining with ethidium bromide
(0.5 µg mL−1) and exposure with a UV transilluminator.

Bands of expected sizes (>1500 pb) were purified using the E.Z.N.A® Gel Purification
Kit, following the supplier’s instructions. The purified PCR product was ligated to the
pGEM®T-Easy vector (Promega) using a vector ratio of 3:1 in a final reaction volume of
10 µL and then incubated overnight at 4 ◦C.

Bacterial transformation was done with a vial of competent Escherichia coli cells
(JM109® Promega) and the ligation product (recombinant plasmid), following the thermal
shock methodology. The transformed bacteria were seeded in Petri dishes with LB agar and
ampicillin (50 µg mL−1), IPTG (0.5 mM) and β-galactosidase (50 mg mL−1), which allowed
for identifying the bacteria in the recombinant plasmid. The seeded plates were left to
grow overnight at 37 ◦C. The positive clones were confirmed by conventional PCR in the
colonies, and the bands were viewed by SafeViewTM staining with and exposure in a UV
transilluminator. The positive colonies were grown in liquid LB medium with ampicillin
(50 µg mL−1), and the DNA plasmid was purified with the commercial kit commercial
Plasmid Miniprep kit II E.Z.N.A.®, following the supplier’s instructions.

Purified plasmids containing the cloned segment were sequenced by MACROGEN
(South Korea). To identify the microorganisms, the sequences obtained were compared
with the sequences available at the GenBank Database by the BLAST program available at
the NCBI website. The phylogenetic tree based on the ribosomal gene 18s rRNA sequence
was processed with the MEGA 6 and Geneious version 6.0.3 programs (Biomatters, Ltd.)

The sequences obtained from the studied strains were entered into the GenBank
database with the following access numbers: KJ530974 (C6), KJ530975 (16CC1B), KJ530976
(NCYC 4007), KJ530977 (C3), KJ530978 (C30), KJ530979 (C46), KJ530980 (C51), KJ530981
(C24), KJ530982 (P39) and KJ530983 (C4).

2.2. Inoculum Production of NCYC 4007 and NCYC 1146

Two strains of marine yeast, NCYC 4007 and NCYC 1146, were used. Both strains
isolated from the marine ecosystem of Chile (NCYC 4007 former C36 in [9]) were stored
in the National Collection of Yeast Cultures (NCYC) in the United Kingdom under the
Budapest Treaty. Strains were activated through the development of 100 mL of inoculum
under Sabouraud growth medium at 21 ◦C for 7 days. Then, 500-mL flasks were used
to cultivate an inoculum (106 cell mL−1) for subsequent use in the evaluation of the
growth media.

2.3. Raw Glycerol as a Carbon Source

In the present study, we evaluated as a carbon source: (1) raw glycerol originating
from the biodiesel industry (RG), (2) analytical Grade glycerol (AG) and (3) glucose from
commercial Sabouraud culture medium (SM). The RGM and AGM media were formulated
with a 10% (v/v) of raw glycerol (nominal concentration) and 10% (v/v) of analytical grade
of glycerol, respectively. Additionally, both mediums contained 7 g L−1 of peptone, 7 g L−1

of yeast extract, and 30 U mL−1 of penicillin–streptomycin. All media were performed with
seawater (salinity = 35), filtered to 0.22 µm and autoclaved at 121 ◦C for 15 min. With the
aim of selecting the best growth medium, these media were assessed at three temperatures
(15, 21 and 31 ◦C), and the production of the biomass, DHA or carotenoids (NCYC 4007
and NCYC 1146, respectively) in a bioreactor (10 L) was evaluated.

In this study, the raw glycerol used corresponded to a highly concentrate fraction of
glycerol collected during the industrial production of biodiesel from fried food waste oils
(Comercial Verdemar Ltd. Company, COVEMAR-CHILE) (Talcahuano, Chile).

2.4. Production of Docosahexaenoic Acid (DHA) and Total Carotenoids (TC)

Aliquots taken every 24 h from the bioprocesses mentioned above were used to
determine the amount of DHA and TC. Determination of DHA was carried out in three
stages: (1) saponification extraction, (2) solvent changes and (3) chromatographic analysis,
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according to [20]. The saponification reaction was performed using 100 mg of wet biomass
adding 1 mL of NaOH at 0.5 M in 96% ethanol. The cellular rupture was performed using
an Ultra Turrax for 1 min. After this, it was centrifuged at 7000 rpm for 5 min, which
dismissed any solid residue. One milliliter of HC1 was added to the obtained supernatant
at 0.6 N and 3 mL of ethyl acetate placed in a vortex mixer for 1 min. The samples were
incubated for 30 min at room temperature; to obtain phase separation, the upper phase was
dried with N2 (g) at room temperature. After this, the phases were freeze-dried to eliminate
water residue. The freeze-dried samples were diluted in 400 µL of filtered methanol with
polyethersulfone membranes RF-Jet Syringe Filter of 13 mm, with 0.45-µm pores and,
after this, they were stored at −20 ◦C for analysis. For chromatographic analysis, a HPLC
VWR™ HITACHI was used, a column LC-18 Supelco® of 15 cm × 4.6 mm. The mobile
phase was performed at a gradient of 100% of A (75% of ACN LiChrosolv®) with a flow of
1 mL min−1 at 50% of B (pure ACN LiChrosolv®) with a flow of 2 mL min−1 over 15 min;
consecutively, the flow changed to 1 mL min−1 until the 30-min cycle finished. Both A and
B solutions were acidified with 0.12% of acetic acid (Sigma-Aldrich®, St. Louis, MO, USA).
The detection was performed at 195 nm with an injection volume of 10 µL per sample.
The DHA concentration was determined by a calibration curve performed using standard
docosahexaenoic acid (Sigma-Aldrich®).

The determination of total carotenoids (TC) was performed by a methodology outlined
by Rodher [20]. For this, 50 mg of wet biomass were weighed, obtained from aliquots dur-
ing the bioprocesses. Once the samples were incubated and were centrifuged at 11,000 rpm
for 10 min, the reached supernatant was transferred to a new tube for a further spectropho-
tometric analysis. Prior to the analysis, a potassium dichromate calibration curve was
built of a stock solution of 3.6 mg mL−1. Both the dilutions used to build the calibration
curve and the samples were measured at 560 nm in glass cells. The TC concentration
was determined, considering that 0.036% of potassium dichromate was equivalent to
2.6 ng mL−1 of TC.

2.5. Kinetic Growth and Biomass Production

The description of kinetic growth from the cultured strains was determined through a
cell count every 12 h by a Neubauer Improved chamber. The obtained data were used to
determine the kinetic parameters: maximum growth speed (µ maximum) and duplication
time (Td). The total biomass produced was quantified at the end of each bioprocess,
collected in 50-mL tubes, by spinning at 3600 rpm for 30 min and washed twice in distilled
water. Following this, the biomass was freeze-dried and quantified in dry weight.

The quantification in dry weight was performed by two methods: (1) the quantification
of the biomass being oven-dried at 100 ◦C (oven-dried weight; ODW) and (2) quantification
of the biomass by lyophilization (freeze-dried weight; FDW). In the case of the evaluation
of the biomass obtained from the culture media, the percentages of DHA and TC were
expressed as ODW. For the profiles of fatty acids and carotenoids, the biomass obtained
corresponded to the FDW.

2.6. Fatty Acid Profiles

The extraction of lipids from the lyophilized cultures of Rhodotorula sp. NCYC 4007
was carried out according to a modified Bligh and Dyer [20], a procedure that substi-
tuted dichloromethane for chloroform. Samples (ca. 20 mg) were sequentially extracted
by ultra-sonication with 30-mL dichloromethane/methanol (1:3 v/v, 2X, 1:1 v/v, 1X and
dichloromethane (2X)). The lipid extract was concentrated with a rotary evaporator and
dried with anhydrous Na2SO4.

Extracts were saponified with 15 mL of 0.5-N KOH: MeOH [20], and the non-saponifi
able lipids were separated with hexane. The remaining aqueous extracts were acidified
with 6-N HCl, and the fatty acids were extracted with hexane. The solvent was reduced
by rotary evaporation, and the fatty acids were converted into methyl esters (FAMEs)
with 1-mL 10% BF3/MeOH for 1 h at 70 ◦C [21,22], 1 mL of milli-Q water was added
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and FAMEs was extracted with hexane. The organic fraction was then dried under a
stream of N2. Samples were injected into a gas chromatograph (Agilent 6890 GC series)
coupled to a mass spectrometer detector (Agilent 5972 MS series) equipped with a HP5-MS
column (30 m × 160 0.25 mm, 0.25-µm film thickness: Agilent Technologies) using He
as a carrier gas. The oven temperature was 120 ◦C (2 min) to 290 ◦C at 4 ◦C min−1, held
for 5 min. The detector was operated in electron impact mode (70 eV) with an ion source
at 230 ◦C. Mass spectra was acquired in full-scan mode (m/z range 40–600, scan rate
2.6 s−1), and FAMEs were assigned using the retention times of a standard mixture (FAME
mix, Supelco Analytical), the internal library of the mass spectrometer and the electronic
data base available at website GoDaddy for details (GoDaddy, LLC). Quantification was
carried out using a calibration curve with serial dilution of the FAME standard mix. The
coefficient of variation for the analytical method was 14%, routinely measured with five
replicate analyses.

2.7. Carotenoids Profiles

Biomass of the marine yeast strain NCYC 1146 was lyophilized and was used to
determine the carotenoid profiles. For this, 1 g of freeze-dried biomass was weighed, and
pigment extraction was performed with 50 mL of acetone. Extracts were centrifuged at
2000 rpm for 20 min, and 2 mL of acetone was added and centrifuged for 20 min. To dissolve
oil droplets formed in the extracts (to avoid interference during reading), 1 mL of acetone
was added to the supernatant. The samples were quantified in a HPLC Hitachi L6200,
with a column RP-18 Supelco of 12.5-cm-diameter and 5-µm-sized particles. A mobile
phase gradient system of water/ethyl acetate/methanol was used. A ratio of 2:10:88 (v/v/v)
was used for 5 min at 0.75 mL min−1 for equilibration; flow was maintained for a further
10 min. Between 10 and 30 min, the solvent ratio was ramped to 2:50:48, and the flow rate
was adjusted to 1.5 mL min−1. A six-carotenoid standard, comprised of beta-carotene,
canthaxanthin, astaxanthin, adonirrubin, zeaxanthin and 3-hidroxy echinenone, was used
for identification purposes. These standard carotenoids were chosen, as they constitute the
main starting, intermediate and final products within the microbial carotenoid pathway
and have perceived commercial values.

2.8. Determination of Glucose, Phosphorus, Cholesterol and Live Microbial Biomass (ATP)

Aliquots of 1 mL were taken from the bioprocesses tested every 24 h for the subsequent
glucose (intracellular and the culture media), phosphorus, cholesterol and live microbial
biomass quantifications (ATP). The identification of glucose, phosphorus and intracellular
cholesterol was performed through an extraction with phosphate buffer at 200 mM in ratio
of 1:10 (p/v), homogenized with an Ultra Turrax for 1 min and centrifuged at 3000 rpm
for 5 min. The supernatant obtained was utilized for the quantification. In the case of
quantification phosphorus, it was determined the concentration of the buffer phosphate,
and this value was used to normalize the samples. In the case of identifying glucose present
in the culture liquid media, the samples were directly analyzed from the aliquots without
prior treatment.

The quantification of glucose, phosphorus and cholesterol were performed using
commercial kits by the company Human Diagnostics (Wiesbaden, Germany), following
the supplier’s instructions (Glucose liquicolor by the Glucose Oxidase (GOD)-Peroxidase
(POD) method at 500 nm, Phosphorus liquirapid by phosphomolybdic acid at 340 nm and
Cholesterol liquicolor by Cholesterol Oxidase (CHOD)–Peroxidase 4 Amino antipyrine
(PAP) method at 500 nm).

To determine the fraction of ATP present in the aliquots, two steps were carried out
according to the methodology described by Holm-Hansen and Booth [23]. The first one
consisted of an ATP extraction through a boiling bath with organic buffer (Tris 20 mM,
pH 7.7), and the second step, consistent with the ATP quantification extracted during the
testing of bioluminescence for which an ATP meter, utilized Turner Designs Model TD
20/20. In addition, a calibration curve was performed between 0.39 nM and 100 nM from a
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stock solution of 1 M of ATP; through serial dilutions and to quantify the extracted ATP,
FLE-250 was used to generate the complex enzyme substrate.

2.9. Enzymatic Activity of Malate Dehydrogenase (MDH) and Lactate Dehydrogenase (LDH)

The determination of enzymatic activity of MDH and LDH from the strains, aliquots
(1 mL) were taken every 24 h and centrifuged at 11,000 rpm for 1 min. The supernatant
obtained was extracted in a phosphate buffer 200 mM with an Ultra Turrax for 30 s and
then centrifuged at 3000 rpm for 5 min. The enzymatic activities were quantified from the
supernatants following the method described by González and Quiñones [24], and the
enzymatic activities are shown in nmol of Nicotinamide Adenine Dinucleotide (NADH–
reduced form) min−1 mL−1. The activity of L-malate dehydrogenase was assayed, as
it catalyzed the formation of malate from oxaloacetate. The assay medium contained
80-mM K2HPO4 buffer, pH 7.9, at 20 ◦C, 0.1-mM NADH, 150-mM MgCl2 * 6H2O and
0.2-mM oxaloacetate. Absorption was monitored at 340 nm following the addition of the
supernatant. Activity of LDH was measured with a reaction mixture that contained 80-mM
K2HPO4 buffer, pH 7.9, at 20 ◦C, 3.2-mM pyruvate and 0.1-mM NADH. Absorbance was
monitored at 340 nm following the addition of the supernatant. MDH and LDH activity
measurements were corrected for nonspecific NADH oxidation.

2.10. Data Analysis

Statistical analysis was carried out on the results obtained from each of the tested
cultures with the strains NCYC 4007 and NCYC 1146. In the first step, the homogeneity of
variance (Bartlett, London, UK) and normality of data (Kolmogorov-Smirnov test) were
analyzed. Consequently, the significance between DHA productivity, TC and total biomass
was determined by one-way variance analysis (ANOVA). Furthermore, the analyses de-
termined if significant correlations existed between the cell counts, enzymatic activities
of MDH, LDH and live microbial biomass. All these analyses were carried out using the
statistic software R Studio 3.3.1 (R. RStudio, PBC, Boston, MA, USA).

3. Results
3.1. Molecular Genotyping of Marine Yeast NCYC1146 Strain

The results obtained show that the amplification of the ribosome gene 18s rRNA from
the NCYC 1146 strain generates a fragment of 1500 pb (data not shown). The analyses
carried out by BLAST show that this strain shares a 97% similarity to species within the
genus Rhodotorula. The strain is more distant to the species from genus Rhodosporidium and
Thraustochytrium (91% and 81%, respectively). The phylogenetic tree shows the presence
of two large clusters, one of which consisted of marine fungoid species, the producers of
carotenoid pigments described by Pino et al. [9]. Another one was formed of NCYC4007,
NCYC1146 strain and species from the genus Rhodotorula and Rhodosporidium (Figure 1).

3.2. Biomass Production and Optimum Growth Temperature of the Marine Rhodotorula sp.
NCYC4007 and NCYC1146

Using raw and analytical grade glycerol, as well as glucose, as main source of carbon
in a bioreactor of 10 L, the performance of the total produced biomass (% of FDW) at the
end of the bioprocess (240 h) fluctuated between 54 and 152 g L−1 for the NCYC 4007 strain
and between 49 and 192 g L−1 for NCYC1146 (Table 1). Nonetheless, the production of the
biomass obtained from the culture of RGM at 15 ◦C is significantly higher (p < 0.05) for
the NCYC4007 strain and that of NCYC1146 (Table 1). Consistently, the identified growth
parameters described that the maximum growth speed (µmaximum) and the duplication
time (Td) were also higher than the RGM at 15 ◦C for both strains (Table 1). Due to this,
raw glycerol medium produces a significantly higher biomass in less time than other tested
culture media at 15 ◦C (p < 0.05; Table 1), and there are no inhibitory effects on the growth.
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Table 1. Kinetic growth parameters of the NCYC 4007 and NCYC 1146 strains obtained by the tested
culture media at three different temperatures (15, 21 and 31 ◦C). Total biomass production in dry
weight (B), maximum growth speed (µmaximum) and duplication time (Td).

Culture
Media

B (g) µ Maximum (h−1) Td (h)

NCYC4007 NCYC1146 NCYC4007 NCYC1146 NCYC4007 NCYC1146

SM (15 ◦C) 108 97.2 0.03 0.05 23 14
SM (21 ◦C) 102 91.8 0.03 0.04 23 17
SM (31 ◦C) 96 86.4 0.03 0.04 23 17

AGM (15 ◦C) 126 113.4 0.03 0.05 23 14
AGM (21 ◦C) 116 104.4 0.03 0.04 23 17
AGM (31 ◦C) 126 113.4 0.05 0.07 14 10
RGM (15 ◦C) *152 *191.8 *0.08 *0.11 *9 *6
RGM (21 ◦C) 92 82.8 0.04 0.06 17 12
RGM (31 ◦C) 54 48.6 0.05 0.07 14 10

* Significant statics value (<0.05).

3.3. DHA Production and Fatty Acid Profiles of NCYC4007 Strain

In raw and analytical grade glycerol, as well as glucose, the Rhodotorula strain NCYC
4007 presents a DHA production between 19% and 23% in ODW (Figure 2a–c). Comparing
these three carbon sources, raw glycerol allowed the maximum DHA production at 144 h
of cultivation, with a lesser time registered with analytical glycerol and glucose (192 and
216 h, respectively; Figure 2a,b). The results also indicated, at 15 ◦C, a significantly higher
production of DHA (23% ODW; p < 0.05) when NCYC4007 was cultivated in raw glycerol
(Figure 2c) compared to analytical grade glycerol and glucose was obtained. Thus, the
DHA production in this strain is consistent from what was observed with respect to the
biomass production in all carbon sources tested (Table 1). Given that this strain showed the
greatest total DHA production (ODW) at 15 ◦C with the three carbon sources used, this was
set as the optimum temperature to cultivate and acquire the fatty acid profiles of NCYC
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4007 (Table 2). In general terms, the three carbon sources tested showed similar results
for this strain, with a greater percentage of unsaturated fatty acids (UFAs) than saturated
(SFAs). The high percentage of UFAs was achieved using glucose, followed by AG and RG
(Table 2). The fatty acid profiles also showed that the NCYC 4007 strain produces a greater
DHA percentage in respect to TFA using glucose (27% of TFA) than in the AG, albeit the
DHA concentration (mg g−1 FDW biomass) obtained with glucose presented no significant
differences with RG (Table 2).

3.4. Production of Total Carotenoids and Carotenoid Pigment Profiles of NCYC1146 Strain

For each of the three carbon sources used at the three tested temperatures, the TC pro-
duction in the strain varied between 10% and 19% of the dry biomass (ODW; Figure 2d–f),
and between 192 and 216 h, the maximum production was presented. With respect to
the three tested media, the NCYC1146 strain presents a significantly greater production
(p < 0.05) of TC with RG at 15 ◦C (19% ODW), like what was observed when this carbon
source was used for DHA production with the NCYC4007 strain. The NCYC1146 strain
produced the maximum total of TC at 192 h of cultivation (Figure 2f) in less time registered
when glucose and AG was used (216 h; Figure 2d,e).

In the carotenoid profile derived from the biomass produced from the NCYC1146
strain, the presence of four pigments was observed (Figure 3). On average, the greatest
quantity of substances produced were β-carotene (86.4 ± 20.5 µg g−1 FDW), followed by
adonirrubin (48.8 ± 8.7 µg g−1 FDW), 3-hydroxyechinenone (44.2 ± 23.2 µg g−1 FDW)
and canthaxanthin (24.8 ± 21.6 µg g−1 FDW). With glycerol (AG & RG), canthaxanthin
a non-synthesized substance when glucose was produced. The concentration of this
substance acquired from the final culture using both raw and analytical glycerol presented
no significant differences (Figure 3).
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Figure 2. Average productions ± SD docosahexaenoic acid (DHA) and total carotenoids (TC) of the
NCYC4007 and NCYC1146 strains. (a–c). Culture from the NCYC4007 strain in bioprocesses with SM,
AGM and RGM media, respectively. (d–f). Culture from the NCYC1146 strain in bioprocesses with
SM, AGM and RGM media, respectively. The production of these substances is shown in percentages,
in respect to the biomass in oven-dried weight (ODW).
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Table 2. Fatty acids profile from the NCYC 4007 strain cultivated in three different culture media
at 15 ◦C: Sabouraud medium (SM), media formulated with analytic grade glycerol (AGM) and raw
glycerol (RGM). The results are shown as the percentage of total fatty acid (TFA). In addition, the
amount of fatty acids (FA) and DHA are showed in mg g−1 freeze-dried weight (FDW) biomass.

Carbon Source SM AGM RGM

Fatty Acids (%) TFA

C14:0 0.2 0.2 0.8
C15:0 0.2 0.2 0.6
C16:0 3.8 4.5 8.9
C17:0 0.6 0.5 1.1
C18:0 0.0 4.7 10.5
C20:0 0.1 0.1 0.3
C22:0 0.2 0.2 0.5
C23:0 0.0 0.0 0.2
C24:0 0.6 0.5 1.0
C25:0 0.0 0.0 0.2
C26:0 0.0 0.0 0.1

C16:1 (ω9) 1.5 0.7 1.2
C17:1 (ω7) 1.0 0.3 0.7
C18:1 (ω9) 53.0 55.4 0.0
C18:2 (ω6) 4.6 3.0 42.2
C20:1 (ω9) 0.1 0.1 0.2
C20:5 (ω3) 7.2 10.2 9.2
C22:6 (ω3) 27.0 19.2 22.3

Total % SFA 5.6 11.2 24.1
Total % PUFA 94.4 88.9 75.8

Total FA (mg g−1) 46.2 45.3 53.6
Total DHA (mg g−1) 12.5 6.8 11.9
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3.5. Metabolic Parameters of the Strains in Cultivated in Raw Glycerol

Using raw glycerol, the NCYC4007 strain at 15 ◦C presents a maximum production
of DHA (23% DHA in ODW) at 144 h of cultivation and could maintain this production
for four days (Figure 4a). A similar situation was observed for the NCYC1146 strain
but with respect to carotenoid production (Figure 4b). For each strain, the live microbial
biomass (ATP) was kept at basal levels until the culture reached the maximum DHA or TC
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production; from here on, an increase of ATP was observed and, subsequently, an increase
in the cell count, which reached the maximum at 216 and 240 h for the NCYC4007 and
NCYC1146 strains, respectively. (Figure 4a,b). In addition, observations were made at
24 h when the culture began the synthesis of carotenoids in the NCYC4007 strain, reaching
values of 15% of CT in ODW at the end of the culture (Figure 4a). The intracellular glucose
concentration determined in both strains presented a decrease in the time, contrary to what
was observed in the culture medium, where an accumulation was observed during the
cultivation (Figure 4c,d).
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4. Discussion

The phylogenetic analysis of the ribosome gene 18s rRNA from the NCYC1146 strain
was made with a fragment of similar size to that described by Honda et al. [19]. The
NCYC1146 strain could be considered as a species of marine Rhodotorula sp., owing to
the genetic similarity with the NCYC4007 strain (Figure 1) described by Pino et al. [9].
Despite the genetic similarity between NCYC4007 and NCYC1146, both strains can produce
different substances that can be associated with the functional variability of the microor-
ganisms when confronted by different environmental conditions. In this case, NCYC4007
comes from a temperate ecosystem with strong winds during upwelling periods [25], while
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NCYC1146 is significantly different, isolated in a cold ecosystem with a high level of fresh
water associated with adjacent rivers coming from the melting of snowdrifts and the high
level of lignocellulosic material from a forestry origin [26].

This is the first report of marine Rhodotorula strains that can grow using raw glycerol
as a carbon source. No inhibitory effects compared with analytical grade glycerol were
observed. Using raw glycerol, the concordance observed between the significantly higher
production of biomass and growth parameters at 15 ◦C (optimum growth temperature) for
the marine Rhodotorula sp. NCYC4007 and NCYC1146 could be the result of a greater glyc-
erol bioconversion to biomass compared to glucose. Non-marine Rhodotorula (R. glutinis,
R. mucilaginosa and R. gracilis) showed that glycerol can be used to produce simultane-
ously lipids and carotenoids; nevertheless, a glycerol concentration higher than 10% can
significatively decrease the growth rate [6,7]. R. gracilis seems to be a promising candidate
for lipids and carotenoids production using low-cost wastes [8], with similar yields to the
present study, but at a low sodium concentration. In the present study, the marine origin
of the strains used can be an advantage to cope with the osmotic stress compared with
non-marine Rhodotorula. In other marine microorganisms studied to produce lipids, such
as Thraustochytrium sp. AMCQS5-5, it can produce a biomass eight times greater in the
medium that contains glycerol instead of glucose as a carbon source [12]. In addition, in
marine yeasts such as Yarrowia lipolytica has been described that the glycerol presents a
higher absorption rate than the glucose, because glycerol passes into the microbial cell
by facilitated diffusion and is assimilated via either the phosphorylation or the oxidative
pathway [16,27].

The production of DHA registered in strain NCYC4007 (23% in ODW) is similar to
those registered for Thraustochytrium sp. (20.4% in ODW; [28]), Schizochytrium KH105 (22%
in ODW [29]) and Schizochytrium limacinum SR21 (19.5 at 22% in ODW [30]). In addition to
these three tested media, the maximum production of DHA was observed between 144
and 216 h of cultivation, a greater time as described (96 to 120 h) for the Thraustochytrium
sp., Schizochytrium KH105 and Schizochytrium limacinum SR21 strains.

In all carbon sources tested, a higher percent of UFAs than SFAs was observed in
the fatty acids profile. Nevertheless, when raw glycerol is used, the lowest percentage
of UFAs was observed. The change in the percentage of UFAs and SFAs as a result of
the carbon source used has been reported in other oleaginous microorganisms such as
Rhodosporidium sp. This strain observed a decrease in the percentage of PUFAs in respect
to SFAs when glucose was used as a carbon source as opposed to glycerol [15]. Therefore,
the raw glycerol used in this case could produce the same output of DHA as that obtained
using glucose as a main carbon source from the commercial Sabouraud medium but using
a substrate waste from another productive activity. This result is similar to that obtained
in other marine fungoides such as Thraustochytrium sp. [31] and Aurantiochytrium sp. [32],
where the total production of polyunsaturated fatty acids omega-3 do not demonstrate
significant differences between glucose and raw glycerol.

A different way to compare the results from the carbon source used could be from a
nutritional point of view. Accordingly, the relationship of unsaturated fatty acids in respect
to saturated ones can be calculated for strain NCYC4007. In the study, the relationship
indicates that the acquired biomass obtained when raw glycerol was used presents a lower
degree of unsaturation (0.5), followed by analytical grade glycerol (0.9) and, finally, glucose
(1.0). This indicator of unsaturation has been associated to the oxidative stability of fatty
acids [33] and, in this case, suggests that lipid contents acquired from the biomass obtained
when glucose was used have a greater possibility to oxidize than lipids produced when raw
glycerol was used. Thus, the acquired biomass with raw glycerol, despite having a lower
unsaturation level (0.5), could present a greater stability of the PUFAs against oxidation in
a bioprocess on a larger productive purposes scale than that of the biomass acquired with
glucose as a carbon source (1.0).

In greater detail, the acquired profiles obtained when glucose and analytical grade
glycerol were used as a carbon source highlight the presence of oleic acid (C18:1; Table 2), a
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precursor in the synthesis of polyunsaturated fatty acids belonging to the omega-3 family,
such as DHA and omega-6 [34]. Meanwhile, with raw glycerol, a high production of linoleic
acid was observed (C18:2, Table 2), a precursor in the synthesis of fatty acids belonging to
the omega-6 family, which can be transformed via catalysis ∆15 desaturase to α-linoleic
acid (C18:3) and, also, is a precursor to DHA synthesis [34]. These results suggest that the
NCYC4007 strain could have more than one metabolic pathway for DHA synthesis, which
could be induced depending on which substrate is used, according to what was observed
in Schizochytrium [28], Aurantiochytrium and Thraustochytrium [35].

The TC production observed in strain NCYC1146 (19% in ODW) is greater than
described for R. mucilaginosa [13] and R. glutinis [14], corresponding to an 8% or 10% TC of
ODW, respectively. The maximum production of TC in less time was observed when raw
glycerol is used, similar to what was observed for the production of DHA in NCYC4007.
This observation could be related with a greater activity of the biosynthesis routes due to
the use of raw glycerol as a substrate as opposed to glucose. This has been described as
a species of Thraustochytrids, where the polyketide synthase pathway (PKS) and that of
mevalonate were involved in DHA production, used for the production of carotenoids and
found to be more active in a glycerol medium to one with glucose [36].

The carotenoid pigments profile of strain NCYC1146 is similar to the profiles from
Thraustochytrids strains AMCQS5-3, AMCQS5-5 [12] and ONC-T18 [36] that produce
the greatest concentration of β-carotene, followed by echinenone (intermediary of 3-
hydroxyechinenone) and canthaxanthin. It was observed that extending the culture time of
the Thraustochytrids ONC-T18 strain [37] could synthesize other xanthines such as astaxan-
thin due to 3-hydroxyechinenone, and the adonirrubin are precursors of this substance [37],
both present in the carotenoids profile of NCYC1146 (Figure 3). To increase the cultivation
time of NCYC1146 will be addressed in the future to determine if this strain can produce
astaxanthin in greater cultivation times than in this study.

The Thraustochytrids have demonstrated that the DHA and carotenoid production are
related across acetyl-coenzyme A (CoA) and the availability of NADPH, both used in the
synthesis of these substances [14]. Therefore, the carotenoid total production and DHA
as secondary metabolites of the NCYC4007 and NCYC1146 strains, respectively, would
indicate that the use of raw glycerol could provide a good supply of carbon for the synthesis
of said substances. In this way, DHA is synthesized from malonyl-CoA coming from Acetyl-
CoA, which, at the same time, is a key precursor for the synthesis of acetoacetyl-CoA used
for the subsequent biosynthesis of carotenoids and squalene in Thraustochytrids [14]. In this
way, the simultaneous synthesis of both DHA and carotenoids in these marine Rhodotorula,
using raw glycerol as a substrate, suggests that this microorganism should possess the
analog biosynthetic pathways described by Thraustochytrids. Subsequent studies should
clarify whether both strains also have the ability to synthesize squalene, a substance that
shares the biosynthetic pathways described above and that also has commercial value, as
well as DHA and carotenoids.

The carotenoid concentration with raw glycerol reached by strain NCYC 4007 is
greater than observed by Pino et al. [9] for the same strain but using glucose as a carbon
source. The NCYC1146 strain also synthesizes the DHA (7% ODW of DHA at the end of
the study; Figure 4b), substance of which in preliminary studies just reached 0.3% ODW
when the strain was cultured with glucose. The synthesis of a secondary metabolite was
observed in the cultures of the NCYC4007 (carotenoids) and NCYC1146 strains (DHA)
when raw glycerol was used as a substrate, which suggests that an interconnection should
exist between the biosynthesis of these two substances in these marine Rhodotorula, as
observed in Thraustochytrium sp. AMCQS5-5 [12] and Thraustochytrids species [14].

To the best of our knowledge, the glucose accumulation in the culture medium when
raw glycerol was used as a carbon source has not been reported in oleaginous microor-
ganisms. Nevertheless, the appearance when raw glycerol was used could be that the
excess glycerol promotes a gluconeogenesis and subsequently eliminates the synthesized
glucose from the cell. To determine glucose in the culture medium could be a useful
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parameter to determine the optimum raw glycerol concentration that could be used. It
has been observed that an excess of glycerol can produce an inhibition of DHA synthesis
in Schizochytrium limacinum [38] and Schizochytrium limacinum SR21 [30] when used in
percentages greater than 8.5% and 9%, respectively, values inferior to those used in this
study (10%). In addition, excess glycerol has demonstrated the inhibition of β-carotene
synthesis in Blakeslea trispora [39] and, furthermore, could restrict xanthine production,
which uses β-carotene as a precursor [14].

Another interesting result to consider is the sudden increase in the intracellular phos-
phorus concentration from 96 h in NCYC4007, which is not as noticeable in NCYC1146
(Figure 4c,d). In NCYC4007, the intracellular phosphorus concentrations present a signif-
icant and strong positive correlation (semi-log; R2 = 0.8217; p = 0.001195) with the DHA
concentrations; what is suggested is that this latter could be synthesized as a phospholipid
rather than as a triacylglycerol. If the DHA synthesized by NCYC4007 were in the phospho-
lipid form, this would have a greater oxidative stability, as well as intestinal bioavailability,
if used for human and animal nutrition [40]. The DHA synthesis in NCYC1146 is minor
to that of NCYC4007; nonetheless, the concentrations of this substance in NCYC1146 also
correlate significantly with the intracellular phosphorus of this strain (semi-log; R2 = 0.8999;
p = 8.589 × 10−6).

The intracellular cholesterol concentration in NCYC4007 (Figure 4c) presents a posi-
tive and significant relation with the intracellular phosphorus concentrations (semi-log;
R2 = 0.7835; p = 0.00092). In addition, the intracellular cholesterol presents a significant
relation with the DHA concentrations (R2 = 0.961; p = 1.207 × 10−7), so this is another
precedent in favor that synthesized DHA of this strain could be a phospholipid. It has been
reported that cholesterol presents a high interaction with phospholipids when determined
in marine species [41]. No relationship was observed between cholesterol and phosphorus
in NCYC 1146; however, the main product in this strain is not DHA but carotenoids.

In respect to enzymatic activities, the increase in the MDH activity was observed
in both strains and a decrease in the LDH activity during the course of the cultures
(Figure 4e,f). The decrease of LDH activity could be associated to the use of pyruvate
(anaerobic pathway) for the synthesis of the first fatty acid precursor of DHA (palmitic acid;
C16:0) [42]. In addition, the MDH activity for both strains presented a strong correlation of
log–log interactions with the cell count (NCYC 4007, R2 = 0.9596, p = 0.044 and NCYC 1146,
R2 = 0.9566, p = 0.000002) and live microbial biomass (NCYC 4007, R2= 0.8566, P= 0.00004
and NCYC 1146, R2 = 0.8578, p = 0.00001). These results indicate that MDH activity can be
used as a proxy of the metabolic activity for both strains, similar to those described in the
facultative anaerobic microorganisms [43] and microplankton organisms in the ocean [23].

5. Conclusions

The DHA and TC production by NCYC4007 and NCYC 1146, respectively, is greater
in RGM at 15 ◦C. Both strains used raw glycerol as a common precursor for biosynthesis
but at different rates. DHA synthetized by NCYC4007 could be a phospholipid, and NCYC
1146 could be synthetized as a canthaxanthin. The metabolic parameters suggest that the
glucose accumulation in the medium and intracellular MDH activity could be used as a
good proxy to adjust the optimum glycerol concentration. Finally, these strains could be
used as an alternative source of PUFAs and carotenoids for human and animal nutrition,
using raw glycerol for their culture.

6. Patents

In this work are two patent applications obtained entered into the Instituto Nacional de
Propiedad Industrial (INAPI), Chile: (1) Flaked food for ornamental fish and larval stages
of fish, S 1224. (2) A pelleted food rich in polyunsaturated fatty acids (PUFAs) for salmonid
fingerlings, S 3471. Additionally, there was an International Patent Application through
the Patent Cooperation Treaty (PCT), titled: A pelleted food rich in polyunsaturated fatty
acids (PUFAs) for salmonid fingerlings, PCT/CL2018/050158.
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Featured Application: To develop industry-friendly extraction methodologies to obtain bioactive
extracts of Grateloupia turuturu for the cosmeceutical industry.

Abstract: Grateloupia turuturu is an invasive macroalga on the Iberian coast, known to produce
bioactive compounds with different cosmeceutical bioactivities, namely UV shielding and antioxidants.
The goal of this study was to optimize the extraction procedure of main bioactivities of this species
with cosmetic potential, using Response Surface Methodology. Two Box–Behnken designs were used
to evaluate the effect of ethanol concentration (0–50%), liquid-solid ratio, time, pH, and temperature
on yield, UV absorbance, and antioxidant activity. Both optimizations showed a similar trend:
aqueous extracts have higher yields and extracts performed with ethanol as part of the solvent
have higher activities concerning UV absorbance and antioxidant activity. For all the extracts an
absorption peak between 320 and 340 nm was observed. This data now allows further studies by
narrowing the extracts worthful of characterization. The development of industry-friendly extraction
methods allows the valorization of this invasive species, contributing for the potential creation of
natural and eco-friendly products by the cosmetic industry while contributing to the restoration of
affected environments.

Keywords: Box–Behnken design; extraction conditions; bioactive compounds; invasive seaweed;
cosmetics

1. Introduction

The use of marine organisms for the exploitation of bioactive compounds has recently increased
due to their biotechnological potential in different areas as pharmaceutical, cosmetic/cosmeceutical,
food/feed, and many others [1,2]. Within this group, macroalgae are known to be great producers
of bioactive compounds [2], with growth rates that ensure biomass availability from harvesting
and aquaculture.

Grateloupia turuturu is an edible red macroalga native from Korea and Japan that has been classified
as invasive species in the Atlantic Ocean, and was first reported in Portugal in 1997 [3]. This seaweed
is characterized as rich in carbohydrates and proteins, as well as having a low lipid content [4]. It is
present in “mid-intertidal” areas and is easily found in intertidal pools [5], where the exposure to
solar radiation and oxidative stress levels are high [5]. The ability to protect themselves against
harmful radiation make these organisms potential sources for the discovery of compounds with
antioxidants and UV shielding activities [4,6]. Moreover, it has product development potential in the
cosmetics industry.
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For a successful screening of such compounds and to ensure the industrial feasibility of their
application, an adequate method of extraction should be developed [7]. Although more recent
and effective methods have been developed (the novel extraction methodologies, characterized by
more technological approaches resulting in better performance and lower environmental impact),
the utilization of solid-liquid extraction (SLE) is still one of the best solutions for the production of
extracts with the intent of industrialization, given the low technical and facility requirements for
its up-scale implementation. However, SLE can be fine-tuned to perform better (be more efficient,
selective, eco-friendly, and profitable) by optimizing several operational parameters: physicochemical
properties of the raw material, the selected solvents/respective concentrations, pH, temperature,
extraction time, and others [8]. A balance between the time of extraction and the temperature is
extremely important to avoid thermal degradation. Room temperature can be an advantage, as it
preserves compounds and reduces the associated economic costs of the procedure [7]. Regarding the
type of solvent, water-based extractions are privileged and ethanol and acetone are the most accepted
organic solvents considering their security and cost [9]. Solvent selection depends not only on their
inherent safety and cost but also on the cost associated to their evaporation, and ability to extract target
compounds. For all these reasons, binary mixtures of water and ethanol are popular in the natural
extract production for industry. Specifically, in the case of G. turuturu, hydroethanolic extraction
is the most biotechnologically relevant since this is the best solvent to recover this species’ main
bioactivities: sulphated galactans (known antioxidant, anticoagulant, and antimicrobial activities [10]),
phycobiliproteins (PBPs), and mycosporine-like amino acids (MAAs) (with antioxidant activity and
very high UV-shielding activity [4,10]).

The optimization of the extraction parameters for the obtention of compounds groups described
above using a one-dimensional method, where only one factor is modified at a time, is not only
time-consuming but more expensive [11]. Using the response surface methodology (RSM), it is possible
to avoid these difficulties, since this statistical method allows for the simultaneous evaluation of
different variables (enabling the detection of potential interactions between the tested conditions),
reducing the high number of experiments, and, consequently, the quantity of reagents used and the
time associated to the process [12].

Thus, the main goal of this study was to optimize the extraction process of bioactivities as
measured by antioxidants and UV-shielding from the red macroalga Grateloupia turuturu, with the
potential for use in the cosmetic industry. Reponses surface methodology was used to characterize
the effects of ethanol percentage in the extraction solvent, time of extraction, liquid-to-solid ratio,
temperature, and pH in these bioactivities. This promoted the added value to the species through the
potential creation of natural and eco-friendly products in the cosmetics field, while contributing for the
restoration of the natural environments, following a circular economy approach.

2. Materials and Methods

2.1. Seaweed Collection

Grateloupia turuturu was collected at Aguda beach in Arcozelo, Portugal (41.054826, −8.656865).
The collected biomass was cleaned and sorted for epibionts, dried in a wind tunnel at 25 ◦C, milled to
flour-like powder (particle size 150 ± 50 µm), and vacuum stored at room temperature, in the dark,
until further use.

2.2. Response Surface Methodology: Box–Behnken Design

An RSM with a Box–Behnken design was performed to determine the influence of three independent
parameters in the hydro-ethanolic extracts: liquid-solid ratio (mL·g−1) (LSR), time of extraction (min),
and ethanol percentage, as established below (Table 1).
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Table 1. Independent variables tested during the first optimization of the extraction process using a
Box–Behnken design: ethanol percentage (X1), liquid-solid ratio (LSR) (X2), and extraction time (X3).

Run
Coded Variables Actual Variable Values

(X1) (X2) (X3) % EtOH (v/v) (X1) LSR (mL·g−1) (X2) Time (Minutes) (X3)

1 −1 0 −1 0 25 20
2 1 0 −1 50 25 20
3 −1 0 1 0 25 100
4 1 0 1 50 25 100
5 −1 −1 0 0 10 60
6 −1 1 0 0 40 60
7 1 −1 0 50 10 60
8 1 1 0 50 40 60
9 0 −1 −1 25 10 20

10 0 −1 1 25 10 100
11 0 1 −1 25 40 20
12 0 1 1 25 40 100
13 0 0 0 25 25 60
14 0 0 0 25 25 60
15 0 0 0 25 25 60

A second assay was designed to assess the influence of the extraction temperature (◦C), pH, and
ethanol percentage (v/v) (Table 2). In this case, the LSR and extraction time were defined according to
results obtained from the first optimization assay (time of extraction of 60 min and LSR of 40 mL·g−1).

Table 2. Independent variables tested during the second optimization of the extraction process using a
Box–Behnken design: ethanol percentage (X1), extraction temperature (X2), and pH (X3).

Run
Coded Variables Actual Variable Values

(X1) (X2) (X3) % EtOH (v/v) (X1) Temperature (◦C) (X2) pH (X3)

1 0 −1 −1 25 25 4
2 0 −1 1 25 25 10
3 0 1 −1 25 95 4
4 0 1 1 25 95 10
5 −1 0 −1 0 60 4
6 1 0 −1 50 60 4
7 −1 0 1 0 60 10
8 1 0 1 50 60 10
9 −1 −1 0 0 25 7

10 −1 1 0 0 95 7
11 1 −1 0 50 25 7
12 1 1 0 50 95 7
13 0 0 0 25 60 7
14 0 0 0 25 60 7
15 0 0 0 25 60 7

Extracts of Grateloupia turuturu were obtained by mixing 5.0 g of the seaweed biomass with the
assigned volume of the assigned solvent, for the assigned time under constant magnetic stirring and
thermostatized. After the extraction procedure, each extract was centrifuged (10,000× g for 5 min) and
the supernatant filtered at low pressure (Whatmann n◦1) and stored at 4 ◦C until further processing
(maximum 24 h). The extracts were then evaporated under reduced pressure at 40 ◦C and desiccated
under a vacuum concentrator at room temperature (Vacufuge, Eppendorf, Germany). Dry extracts
were weighed and yield was calculated (g extract·g−1 biomass).

Each extract was then resuspended for further assaying their UV-absorbance and antioxidant
activities. Water extracts were resuspended in water at 25 mg·mL−1; 25% (v/v) ethanol extracts were
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resuspended in 25% (v/v) DMSO in water at 50 mg·mL−1; 50% (v/v) ethanol extracts were resuspended
in 50% (v/v) DMSO in water at 100 mg·mL−1.

2.3. UV Absorbance Spectra

For the UV absorption spectrum, 200 µL of each extract at 0.1 mg·mL−1 was added to a 96-well
microplate suitable for UV readings (n = 4; Greiner UV-Star®, Greiner Bio-one, Kremsmünster, Austria)
as well as the respective blanks, following the methodology of Maciel et al. [13]. The absorbance
was read between the wavelengths of 280 nm and 400 nm (Biotek® Synergy H1, Winooski, VT, USA).
The integral of the absorbance (Abs) between these wavelengths was computed and used to calculate a
massic extinction coefficient (ε, in mL·cm−1·g−1 extract), using the liquid height in each well (l, in cm)
and mass concentration of the extracts (C, in mg·mL−1) for each extract according to the formula:

ε =

∫ 400
280 Abs

l ∗C

2.4. Antioxidant Activity

The antioxidant activity was measured with the oxygen radical absorbance capacity (ORAC)
assay, according to Dávalos and colleagues [14]. For the preparation of the standard curve, a Trolox
stock solution, diluted in 75 mM phosphate buffer (VWR®, Radnor, PA, USA), pH 7.4, was used to
prepare the dilutions from 8 µM to 0.5 µM. The obtained extracts were tested at 1 mg·mL−1 (diluted in
75 mM phosphate buffer). A fluorescein solution at 70 nM was used and the AAPH reagent (Sigma®,
Darmstadt, Germany) was prepared fresh at a final concentration of 12 mM. A total of 20 µL of each
sample were placed in a 96-well black microplate (Greiner®, Kremsmünster, Austria) and 120 µL of
a fluorescein solution (70nM) (Sigma®, Darmstadt, Germany) was added to all samples, including
the standard curve. For blanks, 120 µL of 75 mM phosphate buffer was added instead of fluorescein.
The plate was then incubated inside the microplate reader (Biotek® Synergy H1, Winooski, VT, USA)
at 37 ◦C and the fluorescence was read for 15 min with 1 min interval at an excitation wavelength of
485 nm, and an emission wavelength of 525 nm. After the incubation period, 60 µL of pre-warmed
(37 ◦C) AAPH (2,2′-Azobis(2-methylpropionamidine) dihydrochloride) reagent (Sigma®, Darmstadt,
Germany) was added. The fluorescence was read for 80 min with 1 min intervals. Data was treated
and results were expressed as µmol of Trolox equivalents per gram of extract (µmol TE·g-1 ext).

2.5. Data Treatment

The values of antioxidant activity and of UV-absorbance were studied both as specific activity
(activity per mass unit of extract) and total activity (activity per unit of seaweed extracted), the latter
calculated by multiplying the values of the respective activities by the yield of extract. The results
from the two Box–Behnken were organized in a table containing 30 experimental runs (the 30 extracts),
for which the value of each of the five variables under study (percentage of ethanol, LSR, time,
temperature, and pH), and the value for each of the five parameters determined (yield, specific and
total antioxidant activity, and specific and total UV-absorbance) was available.

For each Box–Behnken experiment, five response surface models were computed by multiple
linear regression. For that, R statistical language was used, along with RStudio, and packages ‘rsm’ and
‘viridis’ [15–18]. The basis for model development was a quadratic multiple linear regression containing
all three variables, but no interactions, followed by a manual stepwise, backwards-forward-backwards
regression fitting. Then, the model was manually refined by considering the p-value of the estimates
β, the p-value of the model and both the R-squared and the adjusted R-squared of the model.
Individual factors with a p-value greater than 0.1 were always excluded and individual factors with a
p-value between 0.05 and 0.1 were excluded whenever their removal from the model resulted in an
approximation of the adjusted R-squared to the R-squared. Then, linear binary interactions of the
variables were added iteratively to sporadically improve the model’s fit, because ethanol percentages
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introduced a chemical variability that could cause drastic shifts in the parameters, quadratic binary
interactions, and cubic variables. We attempted to maintain the degrees of freedom above 8 and
keep residue distribution random via visual inspection of the fit-real plot. The equations and
goodness-of-fit statistical parameters (residual standard error, multiple R-squared, adjusted R-squared,
p-value, and degrees of freedom) are reported in the manuscript alongside the contour plots for
each of the five models at three slices of ethanol percentage. The fit-real plots (Figure S1), as well
as the individual p-values of the estimates (Figure S2), and the complete dataset are included in the
Supplementary Material.

3. Results

Response surface methodology was used to characterize the effects of LSR, time of extraction,
and ethanol percentage in the solvent on the bioactivities recovered from G. turuturu biomass using
a Box–Behnken design of experiment. Moreover, a second experiment using LSR and time values
allowed the characterization of temperature and pH effects on different hydroethanolic extractions.
Both optimizations showed a similar trend: aqueous extracts have higher yields and extracts performed
with ethanol as part of the solvent have higher activities concerning the UV absorbance and antioxidant
activity. For all the extracts, an absorption peak between 320 and 340 nm was observed.

3.1. First Optimization

The models of the effects of ethanol concentration (X1), LSR (X2), and time of extraction (X3) are
presented in Figures 1–5. Concerning the yield of these extracts (Figure 1), the aqueous extractions
varied between 0.25 and 0.5 g extract·g−1 biomass with an almost linear increase with an increasing
LSR for all times. For extracts with 50% ethanol (v/v), yield varied from 0.2 and 0.25 g extract·g−1

biomass with maximums at either central time and maximum LSR, or minimum LSR at either of
the time extremes. For intermediate ethanol percentages, the yield varied between 0.2 and 0.38 g
extract·g−1 biomass, increasing when LSR increased.
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Figure 1. Contour plots of the modelled function regarding the yield obtained during the first 
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Behnken design, in the presence of different concentrations of solvent (ethanol). For each plot, XX axis 
indicates the liquid-solid ratio (LSR) and YY axis indicates extraction time. Color gradients represents 
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the first optimization process, according to the ethanol concentration (X1), LSR (X2), and extraction 
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Figure 1. Contour plots of the modelled function regarding the yield obtained during the first
optimization of Grateloupia turuturu hydroethanolic solid-liquid extraction (SLE) using a Box–Behnken
design, in the presence of different concentrations of solvent (ethanol). For each plot, XX axis indicates
the liquid-solid ratio (LSR) and YY axis indicates extraction time. Color gradients represents the increase
(yellow color) and decrease (blue color) in yield according to the tested variables. Below, the equation
and goodness-of-fit statistical parameters for the variable Yield (g extract·g−1 biomass) in the first
optimization process, according to the ethanol concentration (X1), LSR (X2), and extraction time (X3)
are presented.
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Figure 2. Contour plots of the modelled function regarding the UV absorbance (per gram of extract)
obtained during the first optimization of Grateloupia turuturu hydroethanolic SLE using a Box–Behnken
design, in the presence of different concentrations of solvent (ethanol). For each plot, XX axis indicates
the LSR and YY axis indicates extraction time. Color gradients represents the increase (yellow color)
and decrease (blue color) in UV absorbance according to the tested variables. Below, the equation
and goodness-of-fit statistical parameters for the variable UV absorbance (mL·cm−1·g−1 extract) in the
first optimization process, according to the ethanol concentration (X1), (X2), and extraction time (X3)
are presented.
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Figure 3. Contour plots of the modelled function regarding the total UV absorbance (per gram of
biomass) obtained during the first optimization of Grateloupia turuturu hydroethanolic SLE using a
Box–Behnken design, in the presence of different concentrations of solvent (ethanol). For each plot,
XX axis indicates the LSR and YY axis indicates extraction time. Color gradients represents the increase
(yellow color) and decrease (blue color) in total UV absorbance according to the tested variables.
Below, the equation and goodness-of-fit statistical parameters for the variable total UV absorbance
(mL·cm−1·g−1 biomass) in the first optimization process, according to the ethanol concentration (X1),
LSR (X2), and extraction time (X3) are presented.
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Figure 4. Contour plots of the modelled function regarding the oxygen radical absorbance capacity
(ORAC) activity (per gram of extract) obtained during the first optimization of Grateloupia turuturu
hydroethanolic SLE using a Box–Behnken design, in the presence of different concentrations of solvent
(ethanol). For each plot, XX axis indicates the LSR and YY axis indicates extraction time. Color gradients
represents the increase (yellow color) and decrease (blue color) in ORAC activity according to the tested
variables. Below, the equation and goodness-of-fit statistical parameters for the variable antioxidant
activity by ORAC method (µmol TE·g−1 extract) in the first optimization process, according to the
ethanol concentration (X1), LSR (X2), and extraction time (X3) are presented.
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Figure 5. Contour plots of the modelled function regarding the total ORAC activity (per gram of
biomass) obtained during the first optimization of Grateloupia turuturu hydroethanolic SLE using a
Box–Behnken design, in the presence of different concentrations of solvent (ethanol). For each plot,
XX axis indicates the LSR and YY axis indicates extraction time. Color gradients represents the increase
(yellow color) and decrease (blue color) in total ORAC activity according to the tested variables. Below,
the equation and goodness-of-fit statistical parameters for the variable total ORAC activity (µmol
TE·g−1 biomass) in the first optimization process, according to the ethanol concentration (X1), LSR (X2),
and extraction time (X3) are presented.
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Regarding UV absorbance per gram of extract (Figure 2), for the aqueous extractions, it varied
between 50,000 and 70,000 mL·cm−1·g−1 extract, reaching its maximum with lower LSR and central
time of extraction, decreasing with increasing LSR and extreme times of extraction. In the presence
of 50% ethanol (v/v), higher UV absorbance values were obtained, increasing with higher times of
extraction and LSR, while the intermediate percentage of ethanol showed higher values when high LSR
and low time of extraction are combined. Globally, the results showed that increasing concentrations
of ethanol favor the UV absorbance of extracts.

The total UV absorbance per gram of biomass (Figure 3), showed higher values in aqueous
extractions and hydroethanolic extractions with 50% ethanol (v/v), reaching the maximum value
of 2,800,000 mL·cm−1·g−1 biomass. For aqueous extractions, the minimum was reached with low
LSR and low time of extraction and maximum with higher LSR and a central time of extraction.
The hydroethanolic extractions followed a similar tendency.

Considering the antioxidant activity per gram of extract (Figure 4), an increase was verified when
ethanol percentages increased, varying from 20 to 70 µmol TE·g−1 extract in aqueous extractions, and
between 120 and 170 µmol TE·g−1 extract in hydroethanolic extractions with 50% ethanol (v/v). LSR did
not influence antioxidant activity in aqueous extractions when combined with higher time of extraction,
where the maximum activity is recovered. On the contrary, in the presence of 50% ethanol (v/v), higher
time of extraction and lower LSR generated the highest values. For intermediate percentages of ethanol,
maximum values were found in the presence of higher time of extraction and minimum LSR, and with
higher LSR and lower extraction time.

The total ORAC activity per gram of biomass (Figure 5) maximized hydroethanolic extractions
with 50% of ethanol (v/v), followed by aqueous extractions. For water-based extractions, the maximum
experimental value (3000 µmol TE·g−1 biomass) was reached in the presence of high LSR, independent
of extraction time, showing a lower LSR and a lower time the minimum value found, while for 50%
ethanol (v/v), the antioxidant activity is maximized in the presence of higher extraction times and
lower LSR.

The overall analysis of the models led to the decision to fix the LSR at 40 mL·g−1 and time of
extraction at 60 min in the second Box–Behnken design.

3.2. Second Optimization

From the second round of extractions that included the variables ethanol concentration (%) (X1),
temperature (◦C) (X2), and pH (X3), the same models described above were attained (Figures 6–10).
Globally, yield of cold extraction followed the same trend as before (lower values with more ethanol)
and that of hot extraction was almost constant across ethanol concentrations. Yield (Figure 6) had
maximum values in hydroethanolic extractions using 50% ethanol (v/v) for central temperatures, close
to 60 ◦C and acidic pH. For aqueous extractions and extractions with 25% ethanol, the minimum
obtained was 0.4 g extract·g−1 biomass and the maximum 0.6 g extract·g−1 biomass. However, a basic
pH and high temperature were necessary to reach the maximum value in aqueous extractions, while for
hydroethanolic extractions with 25% ethanol (v/v) the maximum was reached with lower temperatures
and acidic pH.

Concerning the UV absorbance per gram of extract (Figure 7), an increase of the values with
increasing percentages of ethanol was achieved, being the maximum value of aqueous extractions
38,000 mL·cm−1·g−1 extract, for 25% ethanol (v/v) 40,000 mL·cm−1·g−1 extract and 50% ethanol (v/v)
80,000 mL·cm−1·g−1 extract. Using the temperature of 25 ◦C for water-based extractions, the maximum
was reached regardless of pH. For the highest percentage of ethanol, the maximum values were attained
with basic pH and lower temperatures.
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Figure 9. Contour plots of the modelled function regarding the ORAC activity (per gram of
extract) obtained during the second optimization of Grateloupia turuturu hydroethanolic SLE using
a Box–Behnken design, in the presence of different concentrations of solvent (ethanol). For each
plot, XX axis indicates the pH and YY axis indicates temperature. Color gradients represents the
increase (yellow color) and decrease (blue color) in ORAC activity according to the tested variables.
Below, the equation and goodness-of-fit statistical parameters for the variable antioxidant activity by
ORAC method (µmol TE·g−1 extract) in the second optimization process, according to the ethanol
concentration (X1), temperature (X2), and pH (X3) are presented.
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The total UV absorbance per gram of biomass (Figure 8) also increased with increasing percentages
of ethanol, reaching the maximum value of 3,000,000 mL·cm−1·g−1 biomass for the extractions with
50% ethanol (v/v). The aqueous extractions and the hydroethanolic extractions showed a similar profile,
reaching the maximum values with acidic pH and lower temperatures.

Regarding the antioxidant activity per gram of extract (Figure 9), a slight increase of function
values were found for the extractions, with 50% ethanol (v/v) (maximum of 95 µmol TE·g−1 extract
and minimum of 60 µmol TE·g−1 extract) when compared with water-based extractions (maximum
of 70 µmol TE·g−1 extract and minimum of 20 µmol TE·g−1 extract). For aqueous extractions, the
conditions to obtain the maximum values are basic pH and higher temperatures (between 60 ◦C
and 95◦C) and for 50% ethanol (v/v) basic pH and temperatures at either of the extremes. For the
hydroethanolic extractions with 25% ethanol (v/v), the higher the temperature and the pH, the higher
antioxidant activity could be recovered.

The total ORAC activity per gram of biomass (Figure 10) showed to benefit from aqueous
extractions, reaching the highest values between the tested conditions, using basic pH and high
temperatures during the extraction procedure. For the hydroethanolic extractions, the highest values
were obtained with the same conditions as for the aqueous extraction, but a skewed profile developed
with a second relative maximum with acidic extractions at 25 ◦C.

4. Discussion

Global seaweed utilization is growing worldwide in response to the increasing demand for natural
and functional ingredients [19]. Optimizations of seaweed extractions and high-throughput screening
assays may contribute to find alternatives to the chemical industry, facing several challenges and
limitations. In this study, crude extracts from G. turuturu produced by hydroethanolic SLE were
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optimized regarding extraction time, LSR, concentration of ethanol in water, solvent pH, and extraction
temperature, using two RSM analysis with Box–Behnken designs [20].

Regarding the variable temperature, the requirements and cost for energy and equipment are
lower at room temperature when compared with extraction at high temperatures. Working with
neutral or natural solvent pH also excludes the need for additional resources to modify this variable,
or for the maintenance of pH-related equipment deterioration. Likewise, lower LSR and extraction
time are privileged conditions concerning cost effectiveness and environmental impact. Regarding
ethanol percentage, due to the ease to evaporate and reuse it when compared to water, a balance
between the increased cost of the solvent and the decreased cost of operation needs to be addressed.
However, the availability and low toxicity of this solvent makes it readily accepted by the industry.
Ethanol is also suitable for the use in cosmetics; it is sometimes even used as an ingredient. A balance
between yield and specific activity of the extract (activity per mass unit) must be accounted when
optimizing an extraction, since high yields and high specific activity are often inversely related and a
maximum recovery of functional bioactivities can be found at intermediate values. Hence, biological
activities coupled with good yields can supply good amounts of a final product. Nonetheless, lower
yields with much higher activity, despite seemingly detrimental for the reduced quantity of extracts,
may provide mixtures of compounds with less chemical complexity, turning the purification processes
used for fine chemistry industries (such as cosmeceutical and pharmaceutical) cheaper or allow their
incorporation in formulas at low rates, achieving the intended activity without compromising product
safety. For these reasons, a comprehensive modelling of both yield and activities with extraction
parameters is a dataset of paramount importance for the technology transfer of bioactive extracts from
academy to industry.

The obtained extracts were used to evaluate antioxidant and UV-absorbing capacities, which are
important features in the cosmeceutical industry. Grateloupia-specific SLE assumptions were made based
on the literature: (1) dry biomass is mostly composed, in terms of massic contribution, of polysaccharides
and proteins, which are almost exclusively soluble in water [21–24]; (2) polysaccharides are
mostly agaran-carragenan hybrids (sulphated galactans) and thus have solubility/extractability
highly conditioned by extraction variables such as time, LSR, temperature, and pH [22,23,25–30];
(3) mycosporine-like amino acids can be extracted with all the solvents used (water, ethanol 25%, and
50% (v/v)), possibly varying the relative content in each MAA with the solvent [27,31,32]; (4) proteins and
MAAs are the main compounds responsible for UV-absorbance [4,27]; (5) ethanol inclusion in the solvent
allows the recovery of compounds from highly polar (e.g., phenolic compounds) to medium polarity
(carotenoids, sterols, fatty alcohols, etc.), all of which might contribute to antioxidant activity [33,34];
and (6) polysaccharides exhibit antioxidant activity, despite being below ethanol-extracted polar
metabolites [22,35].

Three “slices” of cubic data at ethanol percentages 0, 25, and 50 were chosen to be represented as
2D contour plots (Figures 1–10). Ethanol was chosen to be the variable seen in slices because the effects
found were not expected to lead to smooth, gradual changes in the parameters, as ethanol inclusion in
the solvent leads to compositional changes that are more drastic than the variation of physicochemical
parameters. Thus, despite being successfully modelled, ethanol effect will be discussed mostly as the
difference between 0, 25, and 50% (v/v), discretely.

The first optimization addressed the effect of LSR, time, and ethanol percentage on the extraction of
antioxidant and UV-absorbing molecules (Figures 1–5). Typically, LSR affects an extraction quadratically,
having an optimal value, which decreases bilaterally [8,36]. Concerning time, it is usual to observe a
steep increase in yield and other parameters of the extraction initially, approaching a plateau as time
increases further, or a peak followed by decrease, in the case of sensitive bioactivities or low-solubility
compounds abundance [36]. Ethanol inclusion, in the case of seaweeds, in which biomass extractives
are mostly composed of polysaccharides and proteins, is expected to decrease yield and impact
bioactivities differentially. In the case of G. turuturu, in this work, most of these trends were confirmed,
with some exceptions.
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Yield of G. turuturu hydroethanolic extractions (Figure 1) reached its maximum at 0% ethanol
(water extraction), which was expected since water is capable of extracting the sulphated galactans of
G. turuturu, and ethanol decreases solubility [25,26]. Moreover, water extracted the protein fraction from
the biomass, which also had a significant massic contribution in its composition, where compounds
(i.e., phycoerythrin) were present [4]. The effect pattern for LSR and time was maintained through
different ethanol values; for the most part (the central range of values of time and LSR), yield increased
linearly with LSR and time had almost no effect on extraction. Naturally, higher LSRs tended to
favor the extraction of soluble compounds due to increased solvent availability. However, there were
different LSR effects and time outside the mid-ranges. In extreme LSRs, time had a quadratic effect on
extraction, with inverse trends depending on LSR. In low-range LSR (“shortage” of solvent), yield of
short extraction times tended to decrease with an increase in time up to the 60 min of extraction and
then increased again. It seems to be a counterintuitive phenomena, but it was repeatedly observed
in previous works [37–39]. It may be that the initial contact of solvent with biomass promotd a
rapid solubilization of certain extracellular biomass compounds and that the gradual extraction of
intracellular compounds with time somehow promoted the precipitation of the formerly soluble, initally
extracted ones. Then, with even greater extraction times, either by the continuation of intracellular
compound extraction, or by the re-solubilization of the precipitates, yield increased again. In high-range
LSR (“abundance” of solvent), the phenomenon inverted the monotony, maintaining the quadratic
shape. Interestingly, for G. turuturu, this phenomena was of such proeminence that for 50% ethanol
extractions, for extreme times of extraction, the trend of linear increase of yield with LSR inverts,
and lower solvent volumes become more efficient.

The effect of LSR and time on UV absorbance of hydroethanolic extracts of G. turuturu is plotted in
Figure 2. UV-absorbing compounds in this macroalgae species likely range from hydrophilic proteins
and mycosporine-like aminoacids to polar organic compounds of phenolic or lipidic nature [34,35].
Concerning ethanol content in the solvent, the highest concentration (50% v/v) resulted in the most
absorbing extracts, likely because this solvent composition can retrieve both types of highly-absorbing
compounds (the polyphenols and the MAAs) with almost no extraction of carbohydrates (non-active,
“activity-diluting” extractives). By reducing the amount of ethanol, UV absorbance decreased to less
than half the massic extinction coefficient at 25% (v/v) ethanol compared to 50% (v/v) ethanol, at optimal
times and LSR conditions. It might be because, at this value of ethanol, solubility of polyphenols
and/or of specific MAAs decreased, and/or carbohydrate solubility increased. When approaching
0% (v/v) ethanol, an increase of UV absorbance was again observed, possibly because of increased
protein content in the extracts. At a given ethanol percentage, LSR and time impacted the extraction
of UV absorbing compounds differently. For instance, in water extracts, UV absorbance decreased
with higher LSRs almost linearly, regardless of extraction time, and followed a quatradic curve (with a
peak at intermediate extraction time) regardless of LSR. The decrease of activity with LSR might be
correlated with the increase in yield; the extraction of more compounds in the yield increment cold be
responsible for “diluting” the UV absorbing compounds with non-absorbing ones (likely carbohydrates).
This suggests that the compounds responsible for UV absorption in the water extract are actually
readily and highly water soluble, more than their co-extractives, which adds to the possibility of
being proteins and/or MAAs. The occurrence of an optimal time of extraction, followed by a decrease
of absorbance, suggests the degradation of these compounds with prolonged extractions. With the
addition of ethanol, some skewing of the contours occurs at 25% (v/v) ethanol, where MAAs were
likely the only absorbing compounds quantitatively extracted. Lower solvent volumes and higher
extraction times led to minimum recovery, while higher solvent volumes with short extraction times
maximized it. At 50% ehtanol extraction, more than 40 mL·g−1 of solvent and/or more than 100 min of
extraction were required to achieve optimal recovery of UV absorbing compounds from G. turuturu
biomass. By multiplying the specific UV absorbance of the extracts by their yield, one can further
characterize the extraction in terms of total UV-absorbing capacity (Figure 3), and therefore final
profitability should perform compound purification, as well high rates of inclusion of crude extracts.
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In the case of hydroethanolic extraction, the total UV-absorbing capacity recovered became almost
unimpacted by the ethanol percentage and the pattern of LSR effects and time became similar for
different ethanol percentages. Nonetheless, either 0 or 50% (v/v) ethanol percentages were shown to
best extrat solvents. Maximum recovery in thoses cases was attained using either low solvent volume
for a long amount of time or high solvent volume for a mid-to-low amount of time. The similar patterns
of the contour plots reinforced the idea that observations on the specific activity plots (Figure 7) were
caused indirectly, in which the activity was “diluted” by non-active co-extractives, rather than directly,
through differences in the amount of extracted UV-absorbing molecules. Thus, ethanol, LSR, and time
might be good parameters to adjust in order to target higher-purity/potency extractions, especially for
applications where purification is not meant to be performed.

The specific ORAC extract activity (Figure 4) was significantly impacted by all three variables
under study. As expected, the more ethanol in the solvent, the higher the antioxidant activity.
Alcohols were the preferred solvent for recovering antioxidant activity, as polar metabolites soluble in
alcohols are often responsible for crude extract antioxidant activity [40]. In G. turuturu, antioxidant
polyphenols, chlorophylls, and other hydroxyl-containing molecules occurred, such as polar carotenoids
and tocopherols, all of which became more readily solubilized by the presence of ethanol in the
solvent [19,33,41]. However, ORAC activity in water extracts from G. turuturu is worth studying,
as sulphated carrageenans can present this activity [22,23] and their presence in a higher quantity
might result in worthy application studies of these molecules. In the case of water extracts, both
high volumes of solvent and long extraction times benefitted antioxidant recovery from G. turuturu.
Actually, the 40 mL·g−1 and 100 min used in this study as upper limits of these variables did not
decrease and rather increased. However, 10 mL·g−1 of solvent extracted for 100 min led to maximum
ORAC activity, even higher than using 40 mL·g−1 for 100 min. If enough extraction time was employed,
then increasing volume worsened the extract’s specific antioxidant activity, likely because it allowed
the extraction of non-active components that “diluted” the active ones. For 50% (v/v) ethanol, the same
conditions (low volume and high time) resulted in maximum ORAC activity as well. However, for this
solvent, higher volumes invariably resulted in same-or-poorer results, even at low times of extraction,
which indicates that the recovery of the ethanol-soluble antioxidants was limited by the rate of mass
transfer, and not by solubility.

Total ORAC activity (Figure 5) recovered per gram of biomass followed similar trends, in the case
of 25% and 50% (v/v) ethanol. For water extracts, however, extraction under sub-optimal conditions
regarding specific-activity, namely higher solvent volumes, regardless of time, because of an increase
in yield, maximized antioxidant recovery to the point of obtaining maximum ORAC activity using
40 mL·g−1 for 20 min. If the extraction was made under optimal specific-ORAC activity, i.e., 10 mL·g−1

for 100 min, only 66% of total capacity available was recovered, despite being purer (higher per gram
of extract). In any case, specific- and total-ORAC activities of G. turuturu hydroethanolic extracts
had maximums in the limits of time and LSR tested, meaning that higher values of ORAC might be
available in G. turuturu biomass if further optimization of these variables is performed.

The overall analysis of LSR, time, and ethanol percentage effects on the three parameters (yield,
ORAC, and UV-absorption) of G. turuturu extracts suggested that ethanol percentage resulted in
extracts fundamentally different at the chemical composition level, to a point where it should still be
a variable under optimization in the study of temperature and pH effects. Thus, this variable was
maintained in the second Box–Behnken design. For this second set of extractions, a LSR and time
value was chosen by considering the overall effects observed in the first Box–Behnken, attempting
to maximize yield, ORAC, and UV-absorption: 60 min of extraction and 40 mL·g−1. Under these
conditions, temperature and pH effects on different hydroethanolic extractions were characterized
(Figures 6–10). Typically, for SLEs, temperature increases were expected to result when yield increased
and more so when using water as a solvent. Solubility of organic substances tends to increase with
temperature, and mass transfer phenomena become facilitated by kinetic energy possessed at higher
temperatures [42,43]. The adjustment of pH is not something for which a trend is typically assigned,
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as it highly depends on the solvent and matrix being extracted; if pH changes results in higher or lower
solubilities depends entirely on each molecule’s characteristics [7]. For seaweed, however, because
the matrix has a high content of polysaccharides and proteins, both macromolecules for which pH
drastically alters their solubilities, pH adjustment is expected to result in very different extracts.

The yield of the extracts produced for the second optimization (Figure 6) revealed some unexpected
effects. In the water extract, heating led to a decrease in yield that only reverted to an increase in the
middle of the range (approximatley 60 ◦C), reaching a maximum yield at 95 ◦C, but had comparable
values at room temperature. In the 25% (v/v) ethanol, the yield was not affected by temperature at a
neutral pH. In the 50% (v/v) ethanol, the yield did increase with temperature, but in the middle of the
range, it decreased to values comparable to room temperature. None of these three phenomena are in
accordance with the SLE theory, but have been observed for seaweed extracts before; conditions of
higher solvent availability/solubility sometimes result in lower yields [7]. In this case, it might be that,
for water extracts, the compounds extracted at room temperature, plus the extra compounds extracted
at 60 ◦C, end up interacting (for example, protein-polysaccharides adsorption), precipitating, and being
removed along with the extracted biomass particles. The same phenomena might occur in the 50% (v/v)
ethanol for the high-end temperatures tested. By modifying the pH, it is less odd that events like these
occur or cease to occur. Side chains of proteins and polysaccharides become either totally protonated
(in acid pH) or totally deprotonated (in alkaline pH) to a point where adsorption phenomena and
solvation phenomena change significantly [42,43]. In G. turuturu, pH adjustment did not significantly
impact the water-based extraction at room temperature, because whatever was being extracted had
low molecular weight carbohydrates for which protonation was less relevant in terms of solubility than
higher-molecular weight ones. At a near-boiling temperature, however, a linear increase of yield with
pH suggested that alkalinity promoted extraction, which was expected since alkaline hydrolysis was
one of the methods to dissolve cellulosic biomass and solvate their carbohydrates [44]. With ethanol in
the solvent, this trend was reversed and we observed an almost-linear increase of yield and decreased
pH. These events may be related to an increased ease of mass transfer due to a certain degree of acid
and alkaline-hydrolysis of the cellulose cell walls. If that is the case, then in ethanol-containing solvents
it has been demonstrated that acidic pH increased the solubility of G. turuturu metabolites, perhaps by
disrupting the hydrogen bonds between proteins and such other solubles.

UV-absorbance of the extracts in the second Box–Behnken (Figure 7) followed a similar trend
across the different ethanol percentages, which makes sense considering that in the initial optimization
it was in the vicinity of 40 mg·mL−1 with 60 min of extraction, and the ethanol percentage had a
low effect (pattern was similar). This reinforced that ethanol percentage, using this LSR and time,
did not change extract composition in terms of UV-absorbing molecules (the proteins, the MAAs,
and some polyphenols). However, like the first RSM, higher ethanol did promote higher absolute
UV-absorbance values, possibly by decreasing the co-extraction of non-absorbing molecules. Both
temperature and pH had significant effects on UV absorbance. Temperature followed a quadratic
curve with a minimum absorbance at the middle of the range and, at the end, experience maximum
near-RT and near-boiling. The compounds that were hypothesized to precipitate with the increased
extraction of other molecules (observed in the yield) are possibly responsible for the UV absorbance
(likely, the proteins). In the 50% (v/v) ethanol, even though the yield increased at mid temperature
and decreased at higher ones, UV-absorbance was minimal at mid temperature increased with higher
temperature. Chemical characterization of the extracts using chromatographic and spectroscopic
techniques could assist in describing these mass tranfer nuances. The effect of pH was seemingly
impacted by temperature, with neutral pH being better for UV absorbance recovery with hot extraction,
following a quadratic curve, while room temperature extracts had no- to linear-effect with increased
ethanol. The solubility of UV-absorbing proteins and MAAs might be impacted by pH since these
molecules contain a certain balance of carboxylic and amine groups, which varies their state of
protonation with pH [45]. Considering that yield is lower under alkaline conditions, it is likely
that an increase in UV-absorbance of alkaline extracts at room temperature is, however, caused by
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a lower co-extraction of non-absorbing molecules, rather than a direct effect on the extraction of
UV-absorving molecules.

Considering extraction yield and UV-absorbance together (total UV-absorbance, see Figure 8),
it is clear that room temperature and acidic solvents, especially those containing ethanol, are the
best extraction method (concerning pH and temperature) for UV-absorbing molecules recovery from
G. turuturu. It is important to observe how significant the impact of pH adjustment is. In this
study, when working at room temperature, the addition of HCl to the solvent allowed increments
in UV-absorbing molecules a total recovery of 33% to 62% for 50% ethanol and 0% (v/v) ethanol,
respectively. This represents a significant increase in profitability and therefore in the sustainability of
industrially exploring this species of seaweed with a simple modification of the extraction protocol.

Finally, the antioxidant activity of the second Box–Behnken was addressed (Figure 9).
Ethanol inclusion in the solvent of extraction, as expected, let to an increase in ORAC at room
temperature. However, upon manipulation of temperature, pH, or both, ethanol led to a decrease in
ORAC at low inclusion levels that only resumed the increasing trend with inclusions near 50% (v/v).
It might be that pH and temperature manipulation leads to higher recovery of polysaccharides of
different chemical natures, and that this recovery is different with high-, low-, and absent-ethanol.
Regardless, at any given ethanol inclusion level, the effects of temperature and pH followed similar
trends: an increase in pH led to a linear increase of ORAC; temperature, yield, and UV-absorbance
had a minimum at the middle of the range, meaning either cold or hot extractions were privileged to
medium-heat ones, possibly due to the phenomena of precipitation. The total ORAC analysis (Figure 10)
revealed skewed patterns of effects and interactions between temperature and pH. However, for all
ethanol percentages, ORAC-reactive antioxidants were extracted most at near-boiling temperatures,
with little to no effect of pH, suggesting that higher temperature (under pressure) hydroethanolic
extraction of G. turuturu may lead to even higher recoveries than those obtained in this study.
Probably of a different chemical nature, with 50% (v/v) ethanol, cooler acidic extractions also resulted
in the accumulation of substantial amounts of ORAC-active compounds. If these extracts are
intended to be subjected to purification, despite the relatively low specific ORAC values at these
conditions (pH between 4 and 7, temperature between 25 and 60 ◦C), then this less-energy consuming
extraction mode might be of interest. On the other hand, for purification purposes, the highly active
extracts of alkaline ethanol 50% (v/v) at room temperature fall short of high quantitative recovery.
These extracts may be more suitable for direct applications of the crude extract given their inherent
higher potency/concentration of active components.

5. Conclusions

The hydroethanolic extraction of Grateloupia turuturu, an invasive red macroalgae in the Iberian
Peninsula, recognized for its potential for the cosmeceutical industry, has been thoroughly characterized
regarding the effects of ethanol percentage, liquid-solid-ratio, time of extraction, temperature, and pH
of the solvent in the yield of extract, UV-shielding potential, and antioxidant activity. Several critical
observations regarding the equilibrium between high-value extracts and costs of operation were
possible to perform. For instance, it was possible to demonstrate that for certain conditions, shorter
extraction times, the extraction at room temperature, and the use of lower volumes of solvent are likely
to be industrially more profitable than their counterparts, despite being a priori considered conditions
of lower recovery of compounds to the extracts. More importantly, the data relating these five variables
to these three effects is now available to the scientific community, which allows for further academic-
and industry-oriented studies concerning biomass valorization.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/15/5304/s1,
Figure S1: Fit-real plots for the 10 models of response surface associated to the hydroethanolic SLE of G. turuturu,
Figure S2: Statistical parameters associated to each factor/coefficient in the 10 models of response surface
associated to the hydroethanolic SLE of G. turuturu, Table S1: Raw experimental data on yield, antioxidant activity
and UV-shielding activity of the extracts produced in the two Box–Behnken designs performed of G. turuturu
hydroethanolic SLE.
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Abstract: The invasive macroalga Grateloupia turuturu is known to contain a diversity of bioactive
compounds with different potentialities. Among them are compounds with relevant bioactivities for
cosmetics. Considering this, this study aimed to screen bioactivities with cosmeceutical potential,
namely, antioxidant, UV absorbance, anti-enzymatic, antimicrobial, and anti-inflammatory activities,
as well as photoprotection potential. Extractions with higher concentrations of ethanol resulted
in extracts with higher antioxidant activities, while for the anti-enzymatic activity, high inhibition
percentages were obtained for elastase and hyaluronidase with almost all extracts. Regarding the
antimicrobial activity, all extracts showed to be active against E. coli, S. aureus, and C. albicans. Extracts
produced with higher percentages of ethanol were more effective against E. coli and with lower
percentages against the other two microorganisms. Several concentrations of each extract were
found to be safe for fibroblasts, but no photoprotection capacity was observed. However, one of
the aqueous extracts was responsible for reducing around 40% of the nitric oxide production on
macrophages, showing its anti-inflammatory potential. This work highlights G. turuturu’s potential
in the cosmeceutical field, contributing to the further development of natural formulations for
skin protection.

Keywords: bioactive compounds; invasive seaweed; skincare; antioxidant activity; antimicrobial
activity; cytotoxicity; anti-enzymatic activity; anti-inflammatory activity

1. Introduction

Marine organisms’ environments are known to be deeply demanding due to competi-
tion and extreme conditions, forcing them to develop defense mechanisms and produce
secondary metabolites to survive and protect themselves against external threats [1,2].
These produced compounds make marine organisms great sources of bioactive compounds
with a myriad of applications. Among them, macroalgae are one of the most ecologically
and economically relevant marine resources to obtain this type of compound, having in
their constitution fibers, proteins, amino acids, minerals, polyunsaturated fatty acids, and
vitamins [2].

Grateloupia turuturu (Yamada, 1941) is the largest edible red macroalga in the world.
It is native to Korea and Japan and was classified as an invasive species in the Atlantic
Ocean, being the first report in Portugal from 1997 [3]. It is typically characterized by a
high content of carbohydrates (such as sulfated polysaccharides, known antioxidants, and
antimicrobials), proteins (such as chromoproteins, with known antioxidant activity), and
secondary metabolites (such as mycosporine-like amino acids (MAAs), known for their
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UV-shielding activity) and a low content of lipids [4–7]. The presence of such compounds
is responsible for avoiding damages caused by the frequent exposure to UV radiation and
high oxidative stress levels, typically found in mid-intertidal areas and intertidal pools,
where this species is mostly located [8]. Developing extraction methodologies that are
industrially feasible will create added-value extracts (such as cosmeceutical ingredients)
that can turn to be an opportunity to promote the harvesting of this species, with positive
consequences for the local invaded environments. For that, solid–liquid extraction (SLE) is
one of the most suitable solutions due to the ease to up-scale the production. In fact, for
the specific case of G. turuturu, solid–liquid extraction using ethanol and water as solvents
is an already optimized method to extract the main bioactive compounds [9].

Personal care and image are receiving more attention every day, resulting in an
unprecedented increase in cosmetic products use [1]. In 2016, Europeans spent a total of
EUR 77 billion in this field, followed by the United Sates with EUR 64 billion and Brazil
with EUR 24 billion [2]. The current concept of beauty includes healthy skin and a young
appearance. Thus, the formulations to control the signs of aging are one of the industry’s
biggest demands [10].

Skin aging is a natural and progressive process that is influenced by two main factors:
intrinsic factors, such as genetics and physiological alterations, and extrinsic factors, such
as environment, exposure to UV radiation or even smoking [1,2,11]. The signs of skin aging
include thinning, fragility and continuous losses of elasticity of the skin, as well as the
inability to maintain hydration, resulting in the formation of wrinkles [2,10]. In this process,
the antioxidant defense system loses the capacity to block reactive oxygen species (ROS),
leading to oxidative stress [10]. Together with reactive nitrogen species (RNS), they partic-
ipate in regular cellular functions, being responsible for several regulatory mechanisms
of cells to protect them against oxidative stress [2]. However, an overproduction of these
molecules can play a different role, inducing damages in different cell structures, such as
membranes, DNA, proteins and lipids, among others [2]. Thus, products able to reduce
the symptoms of aging and consequently increase the quality of life and the self-esteem
of consumers are among the most wanted, being used on a daily basis by millions of
people [11]. Currently, an increased demand for natural solutions by customers [1,10] that
replace the use of synthetic chemicals exists, due to the latter having high costs and being
more pollutant and less sustainable, while also being perceived by the public as less safe.

Therefore, the main goal of this study is the evaluation of the bioactivities of several
extracts from Grateloupia turuturu, taking into consideration the solvents used in the ex-
traction procedure, with potential to be applied in natural skincare formulations, adding
value to this species. For that, antioxidant, UV absorbance, anti-enzymatic, antimicrobial,
and anti-inflammatory bioactivities are evaluated, as well as the cytotoxicity of extracts in
fibroblasts and their photoprotection potential.

2. Materials and Methods
2.1. Seaweed Collection

The red seaweed Grateloupia turuturu was collected at Aguda Beach in Arcozelo,
Portugal (41.054826, −8.656865), in July of 2017. The collected biomass was sorted for
epibionts and then dried in a wind tunnel at 25 ◦C. The dried biomass was milled to
flour-like powder (particle size 150 ± 50 µm) and stored under vacuum in the dark, at
room temperature, until use.

2.2. Seaweed Extracts

Optimal conditions for 4 hydroethanolic solid–liquid extracts of G. turuturu and
2 aqueous extracts were selected (see Table 1) according to the optimization of the extraction
process performed by Félix and co-workers [9], and their extraction methodology was
followed. Briefly, two optimization assays were performed using a response surface
methodology with a Box–Benhken design. Firstly, the solid-liquid ratio (SLR), the time
of extraction (min) and the ethanol percentage were addressed. Then, using the results
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obtained for these 3 independent parameters, the influence of the extraction temperature
(◦C), pH and ethanol percentage was evaluated [9].

Table 1. Selected extracts and respective extraction conditions: temperature, pH, percentage of
ethanol, time and solid–liquid ratio.

Extracts Temperature (◦C) pH % EtOH Time (min) SLR

E1 30 9 50 60 1:40
E2 100 9 50 60 1:40
E3 100 7 25 100 1:10
E4 20 4 25 100 1:10
E5 20 9 0 20 1:40
E6 100 9 0 20 1:40

For the production of the selected extracts of Grateloupia turuturu, 5 g of biomass with
the selected volume of solvent was mixed under constant magnetic stirring and thermosta-
tized during the selected time of extraction. Each extract was then centrifuged for 5 min at
10,000× g and the obtained supernatant was filtered using filter paper (Whatmann no. 1).
The evaporation of the extracts was performed under reduced pressure at 40 ◦C and
then desiccated at room temperature using a vacuum concentrator (Vacufuge, Eppendorf,
Germany). Yield of dry extracts was calculated (g extract·g−1 biomass) and then they
were resuspended: aqueous extracts were resuspended in water at 25 mg·mL−1; 25% (v/v)
ethanol extracts were resuspended in 25% (v/v) DMSO in water at 50 mg·mL−1; and 50%
(v/v) ethanol extracts were resuspended in 50% (v/v) DMSO in water at 100 mg·mL−1.

2.3. Antioxidant Activity and UV Absorbance

The antioxidant activity was measured by ORAC assay, according to Félix and col-
leagues [9] and Dávalos and co-workers [12]. Briefly, a Trolox stock solution (VWR, Radnor,
PA, USA) was used to prepare the dilutions from 8 to 0.5 µM. The obtained extracts were
tested at 1 mg·mL−1 (diluted in 75 mM phosphate buffer). A fluorescein solution at 70 nM
was used and the AAPH (2,2′-Azobis(2-methylpropionamidine) dihydrochloride) reagent
(Sigma, Darmstadt, Germany) at 12 mM was prepared. A total of 20 µL of each sample was
used and 120 µL of a fluorescein solution (70 nM) (Sigma, Darmstadt, Germany) was added
to all samples in a 96-well black microplate (Greiner, Austria), including the standard curve.
Phosphate buffer, at 75 mM, was used as control. Fluorescence was read for 15 min with
a 1-min interval at an excitation wavelength of 485 nm and an emission wavelength of
525 nm in a microplate reader (Synergy H1, Biotek, Winooski, VT, USA) at 37 ◦C. After
the incubation period, 60 µL of AAPH at 37 ◦C was added. The fluorescence was read
for 80 min with 1-min intervals. Results were expressed as µmol of Trolox equivalents
per gram of extract (µmol TE·−1 ext) and are reported as the mean of three replicates and
standard deviation.

UV absorption was also performed according to [9]. Briefly, 200 µL of each extract
(0.1 mg·mL−1) was added to a 96-well microplate for UV readings (Greiner UV-Star®,
Kremsmünster, Austria) as well as the respective blanks. The absorbance was read between
280 and 400 nm (Synergy H1, Biotek, Winooski, VT, USA). The integral of the absorbance
(Abs) was used to calculate the area under the curve (AUC), which was reported as the
mean of three replicates and standard deviation.

2.4. Anti-Enzymatic Activity
2.4.1. Elastase Inhibition

The inhibition of elastase activity of the six extracts was performed using the EnzChek®

Elastase Assay Kit (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s in-
structions. A total of 50 µL of each extract at 2 mg·mL−1 was incubated with 50 µL of
DQ-elastin from bovine neck ligament, BODIPY FL conjugate, in reaction buffer. Enzy-
matic release of fluorescent signal from DQ-elastin by elastase was quantitated using a
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fluorescent microplate reader (Synergy H1, Biotek, Winooski, VT, USA) at 486 nm ex-
citation and 525 nm emission. To stop the enzymatic activity, N-Methoxysuccinyl-Ala-
Ala-Pro-Val-chloromethyl ketone was added to the reaction buffer at a final concentra-
tion of 0.25 mg·mL−1. Elastase from pig pancreas was used at a final concentration of
0.025 mg·mL−1. Results are expressed as percentage of elastase inhibition.

2.4.2. Hyaluronidase Inhibition

The inhibition of hyaluronidase activity of the 6 extracts was performed accord-
ing to Madan et al. and Adamczyk and colleagues [13,14], with some modifications.
Hyaluronidase solution (4 U·mL−1) was prepared using a stock solution containing sodium
phosphate buffer (200 mM, pH 7, 37 ◦C), 77 mM sodium chloride and 0.01% BSA. In a
1.5 mL tube, 200 µL of hyaluronidase solution and 25 µL of extract at 5 mg·mL−1 were
incubated at 37 ◦C, for 10 min. Then, 100 µL hyaluronic acid solution (prepared in 300 mM
of sodium phosphate monobasic solution at 0.06%) was added and the mixture was incu-
bated at 37 ◦C, for 75 min. After the incubation period, 1 mL of acidic BSA (0.1% bovine
serum albumin, 24 mM sodium acetate and 79 mM acetic acid, pH 3.75) was added and
mixed by inversion, transferred to 96-well microplates and incubated for 15 min at room
temperature. The absorbance was measured at 600 nm, in a microplate reader (Epoch2,
Biotek, Winooski, VT, USA), and the data are presented as inhibition percentage.

2.5. Antimicrobial Activity

Antimicrobial activity of the six extracts of G. turuturu was evaluated through the
microdilution technique [15,16] with slight modifications, using a fungal strain of Candida
albicans (DSM-1386), the Gram-negative bacterium Escherichia coli (DSM-1103) and the
Gram-positive bacterium Staphylococcus aureus (DSM-1104). The C. albicans two-day grown
culture (Yeast and Mold Agar; VWR, cc) and the E. coli and S. aureus over-night grown
cultures (Nutrient Agar; Sigma, Germany) were dissolved in saline solution (0.85% NaCl;
Merck Millipore, Germany) and adjusted to a concentration of 1 × 107 (for bacteria) and
2 × 104 CFU·mL−1 (for fungus). The final inoculum concentrations on the microplates
were 5 × 105 (bacteria) and 1 × 103 CFU.mL−1 (fungus), using Mueller-Hinton broth 2
(Sigma, Darmstadt, Germany) and RPMI-1640 (Sigma, Darmstadt, Germany). The positive
control of inhibition used for E. coli was Ciprofloxacin (4 µg·mL−1; Sigma, Darmstadt,
Germany), for S. aureus was Tetracycline (16 µg·mL−1, Sigma, Darmstadt, Germany) and
Amphotericin B (4 µg·mL−1; Sigma, Darmstadt, Germany) was used for the C. albicans
positive control; 4% (v/v) DMSO (Dimethyl sulfoxide; Carlo Erba, Spain) was used as
negative control of microbial inhibition. Grateloupia turuturu extracts were tested at 0.0075,
0.75, 1.5 and 3 mg·mL−1 (diluted in phosphate saline buffer), using sterile round-bottom
microplates (Thermo Scientific, Waltham, MA, EUA). For E. coli and S. aureus, the incubation
period was 20 h at 35 ◦C, and for C. albicans, it was 48 h at 35 ◦C. After this time, the optical
density (DO) was measured at 625 (bacteria) or 530 nm (fungus), in a microplate reader
(Epoch2, BioTek, Winooski, VT, USA). The test was performed using 3 independent assays.
Results are expressed in percentage of bacterial growth inhibition.

2.6. Photoprotection Activity

A 3T3 cell line (DSMZ–ACC 173, mouse fibroblasts) was grown and maintained
according to supplier’s instructions. The cytotoxicity of the extracts was evaluated using
the neutral red method described by Repetto et al. with slight modifications [17]. The
96-well microplates containing 5 × 104 cells/well were incubated at 37 ◦C in 5% CO2 for
24 h in Dulbecco’s modified Eagle medium (DMEM) (Sigma, Darmstadt, Germany), 10%
FBS (Biowest, Nuaillé, France). Cells were treated for 24 h with extracts (1:1 in DMEM, 10%
FBS). A dose–response evaluation with eight different concentrations of each extract was
performed (0.01, 0.062, 0.125, 0.25, 0.5, 1, 2 and 4 mg·mL−1 in phosphate-buffered saline
[PBS]) in order to find the non-cytotoxic concentrations for the cells. After the incubation
period, the medium was removed by aspiration and washed with 100 µL of PBS. After that,
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100 µL of DMEM with 5% FBS, without phenol red and supplemented with neutral red
(40 µg·mL−1 in PBS) (Sigma, Darmstadt, Germany), was added to each well to assess cell
viability. The microplates were incubated at 37 ◦C in 5% CO2 for 4 h and then washed with
PBS. After aspiration, 100 µL of desorption solution containing glacial acetic acid, ultrapure
water and absolute ethanol (1:49:50) was added and the microplates were agitated until
complete homogenization. The absorbance was read at 540 nm wavelength in a microplate
spectrophotometer (Epoch2, BioTek, Winooski, VT, USA). PBS supplemented with the
respective concentration of DMSO (vehicle) present in each sample and DMEM medium
were used as controls. Data presented are the result of 3 independent replicas.

Knowing the non-cytotoxic concentrations of each extract, the concentration closest to
100% of cell viability was selected to perform a phototoxicity assay. The same 3T3 cell line
was used and the assay was performed according to the OECD “Guidelines for Testing of
Chemicals-In Vitro 3T3 NRU Phototoxicity Test” [18], with slight modifications. For the
photoprotection evaluation of the extracts against UV radiation, the 96-well microplates
containing 5 × 104 cells/well were incubated at 37 ◦C in 5% CO2 for 24 h in DMEM,
10% FBS. After that period, the medium was removed and cells were treated for 1 h
with 100 µL of each extract (E1—0.01 mg·mL−1, E2—0.062 mg·mL−1, E3—0.5 mg·mL−1,
E4—0.5 mg·mL−1, E5—0.25 mg·mL−1, and E6—0.5 mg·mL−1, diluted in PBS) and then
exposed for 40 min to UVA radiation (200 mJ/cm2) using a sun simulator chamber (UVA
Cube 400, SOL500, Hönle UV Technology, Gräfelfing, Germany) equipped with a UVA
filter (H1) (Hönle UV Technology, Gräfelfing, Germany) and a UVA sensor (FS UV-A D0,
Hönle UV Technology, Gräfelfing, Germany) with a spectral range of 330–400 nm. After the
exposure period, extracts were removed and the wells were washed with PBS, substituted
by new medium and incubated at 37 ◦C in 5% CO2 for 24 h. After the incubation period, the
medium was removed by aspiration and washed with 100 µL of PBS and the cytotoxicity
was evaluated following the neutral red assay described above. PBS supplemented with
the respective concentration of DMSO present in each sample and DMEM medium were
used as positive controls and DMSO and empty wells were used as negative controls. Each
condition was tested using 6 technical replicates and 3 independent assays.

2.7. NO Measurement

A RAW 264.7 cell line (ATCC-TIB 71, mouse macrophages) was grown and maintained
according to the supplier’s instructions.

The effect of different concentrations of the macroalgal extracts on cell toxicity was
determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
assay according to Bahiense and colleagues, with slight modifications [19]. RAW 264.7
cells were treated for 24 h with extracts at increasing concentrations (0.01, 0.062, 0.125, 0.25,
0.5, 1, 2 and 4 mg·mL−1) in PBS. After the incubation period, the medium was removed
by aspiration and washed with 100 µL of PBS. After that, 100 µL of DMEM with 5% FBS,
without phenol red and supplemented with MTT solution (0.5 mg·mL−1 in PBS) (Sigma,
Darmstadt, Germany), was added to each well to assess cell viability. The microplates were
incubated at 37 ◦C in 5% CO2 for 4 h and then washed with PBS. After aspiration, 100 µL
of DMSO was added and the microtiter plates were agitated for a few minutes and kept in
the absence of light until complete solubilization of formazan. The absorbance was read
at 570 nm wavelength in a microplate spectrophotometer (Epoch2, BioTek, Winooski, VT,
USA). Each condition was tested in 3 independent assays.

Nitric oxide was then measured to determine the anti-inflammatory potential of the
extracts. For that, all the concentrations whose cell viability was above 90% were selected
for the assay. A Griess diazotization reaction was used to measure the production of NO
in RAW 264.7 cells according to Bahiense et al. with slight modifications [19]. Briefly,
the microplates were seeded with 1 × 105 cells/well and incubated at 37 ◦C in 5% CO2
for 24 h. After that period, cells were treated with the extracts for 6 h, following the
addition of LPS (lipopolysaccharide) solution from E. coli (Sigma, Darmstadt, Germany)
at a final concentration of 1.5 µg·mL−1 for 22 h. Then, 150 µL of the supernatants of the
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cell culture was mixed with 50 µL of Griess reagent (Sigma, Germany) and incubated for
15 min at room temperature. The absorbance was measured at 540 nm using a microplate
spectrophotometer (Epoch2, BioTek, Winooski, VT, EUA). Each condition was tested using
6 technical replicates and 3 independent assays.

2.8. Data Treatment

The values of antioxidant activity were studied as specific activity (activity per mass
unit of extract) and total activity (activity per unit of seaweed extracted), the latter cal-
culated by multiplying the values of the respective activities by the yield of extract. All
the graphs and statistical analysis were performed with GraphPad Prism v.6 (GraphPad
Software, La Jolla, San Diego, CA, USA).

For ORAC and UV AUC activities, Holm–Sidak’s multiple comparisons test was
performed to understand the significant differences between extracts (different letters
represent statistically significant differences, with p < 0.05).

For anti-enzymatic activity, cytotoxicity evaluation, photoprotection and anti-inflammatory
potential, a one-way ANOVA was performed followed by Dunnett’s multiple comparisons
test to evaluate the significant differences between the extracts and the respective controls
(* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

For antimicrobial activity, a two-way ANOVA followed by Tukey’s multiple com-
parisons test was performed to evaluate the significant differences between extracts and
between extracts and the inhibition control at each concentration (* p < 0.05, ** p < 0.01, m,
**** p < 0.0001).

3. Results

A total of four hydroethanolic and two aqueous extracts, obtained from the biomass of
Grateloupia turuturu, were selected according the previous study of Félix and co-workers [9].
Several bioactivities related to cosmetic/cosmeceutical applications were analyzed to
understand the potential of these extracts in this field, specifically their antioxidant and
UV absorbance capacity, and anti-enzymatic and antimicrobial activities, as well as their
photoprotection and anti-inflammatory potential.

3.1. Antioxidant Activity and UV Absorbance

Two different concentrations of ethanol were used in the extraction procedure, gener-
ating hydroethanolic extracts with different compositions (Table 2). Regarding the yield
obtained, it was possible to verify that in the presence of ethanol, yields were lower when
compared with the aqueous extracts, reaching almost twice the percentage of the yield
(minimum obtained for E4 with 23.50% and maximum for E6 with 50.84%). However,
higher values of antioxidant activity using the ORAC method were found for the extracts
with higher concentrations of ethanol, reaching, for E1, the maximum with 153.09 µmol
of Trolox equivalents· −1 extract and, for E6, the minimum with 45.00 µmol of Trolox
equivalents·g−1 extract (p < 0.05). Similarly, E1 and E2 were the extracts presenting the
highest values of UV absorbance.

3.2. Anti-Enzymatic Activity

Two different enzymes, known to be involved in skin degradation, were selected for
this study. The inhibition of elastase (Figure 1A) and hyaluronidase (Figure 1B) activities
was analyzed using the six seaweed extracts at 2 mg·mL−1. Results show that for elastase,
all the extracts were able to inhibit nearly 100% of enzymatic activity when compared with
the control (Figure 1A). For hyaluronidase, the inhibition percentages were also above 77%
for all extracts, except for extract 1 (E1), which presented the lowest value of inhibition for
this enzymatic activity (close to 40% inhibition).
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Table 2. Selected extracts of Grateloupia turuturu and respective ethanol percentage, yield, antioxidant capacity by ORAC
assay (expressed as µmol of Trolox equivalents (TE) per gram of extract) and UV absorbance, using the area under the
curve. Holm–Sidak’s multiple comparisons test was performed to understand the significant differences between extracts
(different letters represent statistically significant differences, with p < 0.05).

Extracts EtOH (%) Yield (%)
ORAC (µmol TE· −1 ext) UV AUC

Mean SD Significant Differences Mean SD Significant Differences

E1 50 24.39 153.1 11.37 a 5.82 0.25 a
E2 50 28.56 102.3 8.33 b 4.06 0.16 b
E3 25 24.28 45.98 2.82 c 1.63 0.13 c
E4 25 23.50 66.81 6.79 d 3.20 0.03 d
E5 0 43.37 50.26 2.89 c 3.08 0.25 d
E6 0 50.84 45.00 3.77 c 2.26 0.30 e
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Figure 1. Evaluation of anti-enzymatic activity of the six extracts of Grateloupia turuturu at 2 mg·mL−1: inhibition of elastase
(A) and hyaluronidase (B) activities. Control of inhibition is represented as a dashed line. A one-way ANOVA followed by
Dunnett’s multiple comparisons test was performed to evaluate the significant differences between the extracts and the
inhibition control (* p < 0.05, ** p < 0.01). Values presented are the mean of 3 independent assays.

3.3. Antimicrobial Activity

The antimicrobial potential of the extracts was evaluated against three representative
microorganisms, namely, a Gram-negative bacterium, Escherichia coli, a Gram-positive
bacterium, Staphylococcus aureus, and a fungal species, Candida albicans (Table 3). Regarding
the bacterial inhibition of E. coli, extracts E1 and E2 (with higher percentages of ethanol used
for the extraction procedure—50%) should be highlighted since the lower concentrations
of extracts tested (0.0075 and 0.75 mg·mL−1) were significantly different (p < 0.05 or less)
from the same concentrations for the other extracts (Table S1—complete statistical analysis).
However, for the other concentrations (1.5 and 3 mg·mL−1), no significant differences were
found between extracts, with the exception of E2 and E4 that significantly differ from each
other (p < 0.05). The highest values of inhibition were found for E1 and E2, for 0.75 and
1.5 mg·mL−1, reaching values near to 40% of inhibition.
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Table 3. Antimicrobial activity of Grateloupia turuturu extracts against the bacteria Staphylococcus aureus and E. coli and
the fungus Candida albicans at 4 different concentrations of extracts: 0.0075, 0.75, 1.5 and 3 mg·mL−1. A two-way ANOVA
followed by Tukey’s multiple comparisons test was performed to evaluate the significant differences between extracts and
between extracts and the inhibition control at each concentration (see Supplementary Table S1). Values presented are the
mean of 3 independent assays.

Staphylococcus aureus

E1 E2 E3 E4 E5 E6 C + (Tetracycline)

mg·mL−1 Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

3 17.22 5.25 37.77 5.84 54.01 1.48 28.37 4.50 32.40 7.95 35.80 4.68 100.56 0.26
1.5 15.14 4.36 26.88 5.85 52.99 3.67 25.60 4.41 23.72 6.71 24.90 7.99 101.18 1.23

0.75 29.58 8.93 35.13 8.60 52.64 3.66 38.33 2.88 10.79 21.08 4.28 23.15 100.54 0.22
0.0075 −8.93 2.33 −3.49 3.31 −9.23 5.29 −5.86 5.99 −10.58 6.05 −10.63 5.72 100.23 1.02

Escherichia coli

E1 E2 E3 E4 E5 E6 C + (Ciprofloxacin)

mg·mL−1 Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

3 21.14 1.70 25.79 0.17 16.67 3.28 11.33 4.88 17.58 5.80 13.87 6.57 106.10 2.57
1.5 30.69 0.72 32.99 2.01 25.68 7.04 23.10 9.54 27.07 10.52 26.18 10.79 106.10 2.57

0.75 33.89 4.43 36.27 5.31 10.51 5.23 7.00 3.97 4.61 2.92 15.73 4.40 105.69 0.71
0.0075 20.04 0.17 29.28 11.34 4.85 1.00 3.95 0.44 3.45 1.92 4.51 1.70 106.01 0.80

Candida albicans

E1 E2 E3 E4 E5 E6 C + (Amphotericin B)

mg·mL−1 Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

3 7.40 2.22 4.77 2.16 41.32 6.95 31.54 1.87 37.64 2.42 37.18 2.04 101.42 0.54
1.5 3.87 0.47 5.45 1.15 21.08 5.31 31.11 0.98 23.94 4.97 32.56 3.03 101.42 0.54

0.75 20.98 6.65 28.09 1.68 −26.55 12.72 −14.58 8.44 −8.71 4.34 −3.06 14.70 105.27 2.30
0.0075 23.89 2.22 8.69 6.14 41.53 4.44 55.26 2.44 11.45 4.48 55.39 0.54 103.90 3.62

In the case of S. aureus inhibition, E3 showed to be the most promising extract against
this bacterium, reaching values of inhibition close to 60% between 0.75 and 3 mg·mL−1

(significantly different from the other extracts, p < 0.05 or less), and only the lowest
concentration, 0.0075 mg·mL−1, presented values of inhibition below 10%. It is also
possible to verify that hydroethanolic extracts (E1–E4) were more efficient at inhibiting the
growth of S. aureus (mostly at 0.75 and 3 mg·mL−1) when compared with aqueous extracts
(E5–E6), with E6 at 0.0075 mg·mL−1 being responsible for the opposite effect—bacterial
growth promotion.

The antimicrobial activity of the extracts against C. albicans showed a more variable
profile between extracts and concentrations when compared to bacteria. In fact, the highest
values of inhibition correspond to the E4 and E6 extracts at 0.0075 mg·mL−1 (p < 0.0001)
and the lowest values (fungal growth promotion) were found for the same extracts but at
0.75 mg·mL−1 (p < 0.05 or less). Except for those cases, E1 and E2 were the extracts that
reached lower values of inhibition.

Comparing the ability of the extracts in the study against the three microorganisms,
globally, the higher inhibition (near to 60%) was found against S. aureus (E3) and C. albicans
(E4 and E6) with different extracts, while against E. coli were the extracts E1 and E2 that
were responsible for the higher antibacterial inhibition (near to 40%).

3.4. Photoprotection Activity

A dose–response evaluation of each extract was performed in a fibroblast cell line,
3T3, using a range of concentrations between 0.01 and 4 mg·mL−1, in order to evaluate the
security of the extracts for skin applications (Figure S1). E1 and E2 (extraction with 50%
ethanol/50% water) were the extracts with cell toxicity associated with more concentrations,
especially E2, where cell viability was above 80% only in two of the eight concentrations
tested. For E4, no concentration revealed a cytotoxic effect on 3T3 when compared with the
control, and for E3 and E6, only the highest concentration (4 mg·mL−1) was responsible for
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a reduction in cell viability of close to 80% (p < 0.0001), with all the other concentrations
being above 80% of cell viability. E5 showed significant differences when compared to
the control (p < 0.0001) for the concentrations of 2 and 4 mg·mL−1, but also kept the
values of cell viability near to 80%. Mostly in extracts with a lower or no concentration of
ethanol in the extraction procedure (E3–E6), it was also possible to verify that the lowest
concentrations tested were responsible for an increase in lysosomal activity, which might
indicate growth promotion, being significantly different from the control.

Based on the results obtained for cytotoxicity in 3T3 cells, a photoprotection assay
using the concentrations closer to 100% of cell viability found for each extract was per-
formed (Figure 2). Cells were exposed to a UV radiation dose capable of killing 50% of
cells in the presence and absence of extracts. The results showed that none of the extracts
tested presented a photoprotection capacity. From the six extracts, E1, E3 and E6 did
not show any differences when compared with the control (cells without extracts and
exposed to UV radiation), while E2 (p < 0.05), E4 (p < 0.0001) and E5 (p < 0.001) revealed a
phototoxic behavior.
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Figure 2. Photoprotection assay using the closest concentration to 100% of cell viability identified
for each extract of Grateloupia turuturu. Cells were subjected to UV radiation in the presence and
absence of extracts until IC50 of control without extract was reached to evaluate the photoprotection
potential. Control of cell viability is represented as a dashed line. A one-way ANOVA followed by
Dunnett’s multiple comparisons test was performed to evaluate the significant differences between
the extracts and the control (* p < 0.05, *** p < 0.001, **** p < 0.0001). Values presented are the mean of
3 independent assays.

3.5. Nitric Oxide (NO) Measurement

A dose–response evaluation of each extract was performed in a macrophage cell line
using the same range of concentrations used for 3T3 cells (Figure S2). Similar patterns
were found in both cases: extracts with a higher concentration of ethanol in the extraction
procedure (E1 and E2) showed higher cytotoxic effects when compared with the other
four extracts. For the hydroethanolic extracts with 25% ethanol, the highest decrease in
cell viability was reached for the concentration of 4 mg·mL−1 (p < 0.0001) with less than
20% of cell viability. The same trend was found for aqueous extracts, but although the
concentration of 4 mg·mL−1 was significantly different from the control, cell viability
percentages for that concentration were still high (above 70%).

For each extract, all the concentrations above 90% cell viability were used to analyze
the nitric oxide production and consequently the anti-inflammatory potential (Figure 3).
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Comparing with the control (cells subjected only to LPS solution), two extracts showed
significant differences: E3 at 0.25 mg·mL−1 (p < 0.05), reducing the NO production 20%, and
E6 at 0.01 (p < 0.01) and 0·25 mg.mL−1 (p < 0.0001), reducing 27% and 38.3%, respectively.
However, higher concentrations increased the NO production on macrophages cells.
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**** p < 0.0001). Values presented are the mean of 3 independent assays.

4. Discussion

The introduction of natural ingredients in the cosmetic industry is continuously
increasing in an attempt to find effective, safer and sustainable solutions. Therefore, the
screening of bioactives from marine resources to apply in the cosmetic/cosmeceutical field
is a great contribution to achieve that. Building upon the work of Felix et al. [9], where
the effects of the percentage of ethanol, temperature, time, pH, and solid-to-liquid ratio
were all characterized in the solid–liquid extraction of Grateloupia turuturu’s antioxidant
and UV-shielding compounds, six selected extracts were chosen and produced to further
evaluate their properties of interest for the cosmeceutical industry.

The yield obtained for the six extracts (Table 1) showed that the increasing concentra-
tions of ethanol are responsible for the decrease in the yield percentage (minimum obtained
for E4 with 23.5% and maximum for E6 with 50.8%). This is in agreement with the fact
that water is able to extract not only the galactans but also the proteins of this species, both
presenting a significant massic contribution, while the presence of ethanol is responsible
for their solubility decrease [9,20,21].

For the antioxidant activity by ORAC (Table 1), the opposite result was found: higher
values of antioxidant activity in the presence of higher percentages of ethanol (reaching,
for E1, the maximum with 153.09 and, for E6, the minimum with 45.00 µmol of Trolox
equivalents·g−1 extract). This is also in accordance with the bibliography, since alcohols
are known to be more efficient in the recovery process of antioxidants [20]. The presence of
ROS, mostly originated from UV exposure, is responsible for triggering several processes
in the skin (such as inflammation, oxidation of surface skin, hyperpigmentation and
degradation of the dermal matrix, among others), promoting skin damages. Therefore,
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the use of molecules with antioxidant activity is a widely used approach to control and
prevent symptoms related to skin damage [21].

Specifically, in G. turuturu, the presence of ethanol during the extraction procedure will
contribute to recover molecules such as chlorophylls, polyphenols, and polar carotenoids
and tocopherols, known for their antioxidant capacity [22–24], and thus, desired com-
pounds to apply in cosmetic formulations. Although the main antioxidants are recovered
using solvents such as ethanol, this does not prevent the study of aqueous extracts, since
sulfated carrageenans, water-soluble compounds typically found in red algae, are also
known for their antioxidant activity [25,26]. Apart from that, these polysaccharides are
widely used in several industries due to their biocompatibility and high viscosity and gel
forming properties [27].

Concerning the UV absorbance (Table 1), the highest ethanol concentration resulted
in extracts with higher values of UV absorbance. This may be related to the extraction of
compounds such as MAAs and polyphenols using this hydroethanolic mixture (50% each),
while compounds with no activity, such as carbohydrates, are poorly extracted [9,28].

Between the different types of damages caused by the oxidative stress is the degrada-
tion of the extracellular matrix, which leads to a decrease in components responsible for
the structure, elasticity and hydration of the skin (such as collagen, elastin and hyaluronic
acid) and, consequently, to signs of skin aging, such as thinner skin, fine lines and wrin-
kles [2]. Thus, compounds able to enhance the inhibition of collagenase, elastase and
hyaluronidase, among others, may be potential targets to use as bioactive ingredients
in products with anti-aging properties [29]. In this context, the inhibition of elastase
(Figure 1A) and hyaluronidase (Figure 1B) activities was analyzed using the six seaweed
extracts at 2 mg·mL−1. For elastase, all the extracts were able to inhibit near to 100% of
enzymatic activity when compared with the control (Figure 1A), and for hyaluronidase,
the inhibition percentages were also above 77% for all extracts (with the exception of E1),
showing a great potential as active ingredients for anti-wrinkle formulations. The high
percentages of inhibition for all extracts suggest that more than one type of compound is
responsible for these bioactivities, since the presence of different concentrations of ethanol
during the extraction, or even the absence, would result in the extraction of different
classes of compounds. While sulfated polysaccharides and proteins are almost exclusively
soluble in water, compounds such as carotenoids, sterols and fatty acids, among others,
are preferentially extracted using a compromise between ethanol and water due to their
medium polarity. For MAAs, it is expected that from water to higher percentages of
ethanol, the extraction of these compounds would occur, possibly presenting different
relative contents for each extraction condition [9]. Peptides from seaweed, such as signal
peptides, were described to stimulate the extracellular matrix, increasing neocollagenesis
and elastin synthesis, resulting in wrinkle reduction and skin firming [2,30]. Moreover, sec-
ondary metabolites, such as MAAs, have been described by their anti-wrinkle ability [29],
mostly by their ability to inhibit the collagenase and elastase activities and to stimulate the
secretion of hyaluronic acid by human fibroblasts [31–33]. Another group of secondary
metabolites produced by red macroalgae, known for their capacity to maintain the ex-
tracellular matrix as healthier, are phenolic compounds [10]. In fact, a study conducted
using a red macroalgae resulted in a methanolic extract rich in phenolic compounds, which
was able to inhibit the overexpression of metalloproteinases, preventing the formation of
wrinkles [31].

The antimicrobial properties of seaweed are also well established for a wide range of
macroalgae [34,35]. They are known to produce bioactive compounds to inhibit/reduce
the growth of other competitive microorganisms [34]. For the six hydroethanolic extracts,
three microorganisms were selected to evaluate the antimicrobial activity of G. turuturu:
a Gram-negative and a Gram-positive bacterium, E. coli and S. aureus, respectively, and
a fungal strain of C. albicans (Table 3). Results show that for E. coli, extracts with higher
percentages of ethanol were responsible for higher percentages of growth inhibition (E1
and E2, reaching near to 40% of inhibition). In the case of the Gram-positive S. aureus,

107



Appl. Sci. 2021, 11, 1650

E3 was the most promising extract with almost 60% of growth inhibition for three of the
four concentrations tested, while for C. albicans, the antimicrobial profile obtained was not
so clear, with some concentrations of the extracts E3–E6 being among the most effective
against this species. The recent study of Cardoso and co-workers [7] showed that ethanolic
and polysaccharide extracts of G. turuturu presented antibacterial activity against E. coli
and S. aureus, corroborating the results obtained and showing that the polysaccharides,
such as carrageenan, present in this species, have antimicrobial activity. Further, the
antifungal activity of this species was already confirmed for several species, as stated by
Plouguerné and co-workers, who found extracts of G. turuturu highly active against five
fungi species [36]. Regarding the hydroethanolic extracts of G. turuturu (E1–E4), bioactive
compounds such as sulfated polysaccharides, phenolic compounds and carotenoids may
be present and responsible for the antimicrobial activity, since they are known to alter
the microbial cell permeability and to interfere with the membrane, leading to the loss of
cellular integrity [34]. The wide antimicrobial activity of these extracts shows the potential
for the cosmetic industry, as functional ingredients, but also as natural preservatives of
cosmetic formulations, increasing the shelf-life of the product by reducing the microbial
contamination [2,34].

In this study, a dose–response evaluation of each extract was performed in a mouse
fibroblast cell line, 3T3, since these cells are one of the mains constituents of the skin,
using a range of concentrations between 0.01 and 4 mg·mL−1, in order to evaluate the
security of the extracts for skincare applications (Figure S1). E1 and E2 (extraction with 50%
ethanol/50% water) were the extracts with cell toxicity associated with more concentrations,
while for E3 to E6, only the highest concentrations were responsible for a reduction in cell
viability, the lowest concentrations tested being responsible for an increase in the neutral red
signal, suggesting a growth promotion. The presented results show that for all the extracts
tested, several concentrations were not cytotoxic to fibroblast cells, being an excellent
preliminary result about their security for potential applications in skincare products.
Another important feature of red seaweeds for the cosmetic industry is the production of
bioactive compounds with photoprotection activity, able to protect the skin from damages
such as sunburn, photo-aging, photo-dermatoses and skin cancer, among others [2,11].
The production of such compounds by macroalgae consists of ecophysiological strategies
developed to avoid the deleterious effects of the constant exposure to UV radiation, through
the absorption of UV radiation [11,37]. In fact, bioactive compounds able to absorb UV
radiation were found to protect human fibroblasts from cell death and to retard the signs of
aging induced by UV radiation [2,38]. Red macroalgae are known to produce a variety of
compounds with this ability, such as phenolic compounds, pigments and MAAs. Between
them, MAAs are known to be the most relevant for this function [2,37]. These secondary
metabolites present high antioxidant and UV absorbing capacities, acting as excellent UV
filters and thus having a great potential for the cosmetic industry as antioxidants and
photoprotectors [2,29].

Based on the results obtained for cytotoxicity in 3T3 cells, a photoprotection assay us-
ing the concentrations closer to 100% of cell viability found for each extract was performed
(Figure 2). Cells were exposed to a UV radiation dose capable of reaching the IC50 of cells
in the presence and absence of extracts. The results show that none of the extracts tested
presented photoprotection capacity. From the six extracts, E1, E3, and E6 did not show any
differences compared with the control (cells without extracts and exposed to UV radiation),
while E2 (p < 0.05), E4 (p < 0.0001), and E5 (p < 0.001) revealed a phototoxic behavior, which
was not an expected result for hydroethanolic extracts of the red seaweed G. turuturu. Com-
paring with the UV absorbance capacity of each extract, it is not possible to correlate the
data, since E1 and E2, extracts with higher ethanol concentrations and consequently more
phenolic compounds, were not the ones presenting less phototoxicity. However, several
factors may contribute to explain these results. Specifically, a dose–response evaluation
for the phototoxicity test could help to understand the effect of extract concentrations
on this bioactivity. Since we are working with crude extracts that present a mixture of
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compounds with synergistic/antagonistic effects, it is possible that the best solution for
the desired function may be related to specific concentrations where the dilution of certain
compounds would be beneficial. Another interesting fact is that not all the MAAs have the
same ability to act as photoprotectors [37]. At this point, further chemical characterization
of the extracts could help to discriminate the presence of MAAs and which of them are
present/at a relative quantity. Regarding also the production of MAAs, it is known that
their production is affected by several abiotic factors, preferring the summer period and
moderate depth [29,39]. A recent study also focused on the fact that G. turuturu tends to
reduce the production of MAAs in the presence of intense UV radiation [40], suggesting
that the production of such compounds may be highly influenced by different factors that
are not totally controlled when the macroalga is grown in a natural environment.

The anti-inflammatory potential of seaweed has also been explored in an attempt to
find potential sustainable and safer solutions with less side effects, especially for treat-
ments of chronic inflammation [2]. During inflammation, oxidative stress increases and
the cellular antioxidant capacity decreases, leading to large quantities of produced free
radicals that will interact with fatty acids, cell membranes, proteins, and other components,
promoting permanent alterations in cellular functions [41]. This process is mediated by a
system of soluble factors that differ in their source and composition, one of them being the
production of nitric oxide by macrophages. This compound is responsible for inducing
vasodilatation, acting as a cytotoxic agent for pathogens [41]. Therefore, the discovery of
novel compounds able to act as anti-inflammatories could be a new insight in this field.

A dose–response evaluation of each extract was performed in a macrophage cell line
due to the direct implication of these cells in inflammatory processes, using the same range
of concentrations used for 3T3 cells (Figure S2). Similar patterns were found in both cases:
extracts with a higher concentration of ethanol in the extraction procedure (E1 and E2)
showed higher cytotoxic effects when compared with the other four extracts. For each
extract, all the concentrations above 90% cell viability were used to analyze the nitric oxide
production (Figure 3). Comparing with the control (cells subjected only to LPS solution),
two extracts showed significant differences: E3 at 0.25 mg·mL−1 (p < 0.05), reducing the
NO production to 80%, and E6 at 0.01 (p < 0.01) and 0.25 mg·mL−1 (p < 0.0001), reducing
27% and 38.3%, respectively. However, higher concentrations stimulated NO production
on macrophages cells.

In macroalgae, several types of bioactive compounds have already been described
for their anti-inflammatory potential, namely, pigments (such as carotenoids), sulfated
polysaccharides, proteins and their derivatives (such as phycobiliproteins), fatty acids (such
as polyunsaturated fatty acids) and other compounds such as halogenated compounds
or terpenes [10,29]. Some of them are known to be produced by red macroalgae and
specifically by G. turuturu, such as carotenoids, phycobiliproteins, and sulfated polysac-
charides, among others, which could help to explain the reduction in NO production in
those extracts. However, different methods for anti-inflammatory evaluation, such as
Western blot quantification of inflammatory markers’ expression (e.g., TNF-α, interleukins,
among others), should be implemented, since different pathways may be activated and the
specificity of the technique is higher.

5. Conclusions

The potential of the invasive macroalga G. turuturu for the cosmetic industry was
investigated. Several bioactivities concerning skin protection of the hydroethanolic extracts
were analyzed and the results obtained show that different concentrations of ethanol
led to extracts with different bioactivities. Noticeably, among the tested extracts, good
antioxidant and antimicrobial activities were found, which promotes the added value of
these extracts both for skin benefits and for formula’s benefits. Additionally, significant
inhibition of skin aging-related enzymes was attained, as well as some degree of inhibition
of the inflammatory marker NO. A photoprotection assessment allowed the discovery of a
phototoxicity of some extracts from G. turuturu, which is unexpected but very important
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information concerning this biomass use and valorization. This study is, therefore, an
important contribution to understanding that seaweed extracts obtained from simple
solvents (ethanol and water) and techniques (SLE), compatible with the industrial scale,
have potential to be applied in the cosmetic field, bridging the demand for natural, greener
and more sustainable products. However, further fractionation and/or characterization
of these crude extracts is essential to understand the active ingredients of each extract
responsible for the analyzed bioactivities.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-3
417/11/4/1650/s1. Table S1: Statistical analysis of antimicrobial data using a two-Way ANOVA
followed by Tukey’s multiple comparisons test. Significant differences between extracts and between
extracts and inhibition control at each concentration tested were analyzed and discriminated (* p
< 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Figure S1: Dose–response cytotoxic evaluation of
the E1 (A), E2 (B), E3 (C), E4 (D), E5 (E) and E6 (F) extracts of Grateloupia turuturu at 8 different
concentrations (0.01, 0.062, 0.125, 0.25, 0.5, 1, 2 and 4 mg·mL-1) in 3T3 cells. Figure S2: Dose–response
cytotoxic evaluation of the E1 (A), E2 (B), E3 (C), E4 (D), E5 (E) and E6 (F) extracts of Grateloupia
turuturu at 8 different concentrations (0.01, 0.062, 0.125, 0.25, 0.5, 1, 2 and 4 mg·mL−1) in RAW 264.7
cells.
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Abstract: Calliblepharis jubata is an edible red seaweed and a carrageenan primary producer, considered
native in Figueira da Foz (Portugal). C. jubata has the particularity of producing only one kind
of carrageenan, the iota fraction. However, this seaweed is not yet valuable for the food industry
or even for human consumption. In this work, we characterize important biochemical compounds
of C. jubata growing up within different cultivation techniques and wild specimens. The aim
of this work is to know if there are differences between the biological compounds of interest and
identify the advantages for human consumption and the food industry. The results supported
the nutritional value of the seaweed, where the ones from inshore cultivation (T) were more identical
to the wild specimens (F), than the indoor C. jubata (A, B, C). The parameters analyzed were fatty
acids, carbohydrates and carrageenan content.

Keywords: Calliblepharis jubata; aquaculture; fatty acids; carbohydrates; carrageenan

1. Introduction

Several eastern countries traditionally consume seaweed as food, mainly Japan, China and
Korea [1], due to its high nutritional value as a source of proteins, carbohydrates, vitamins and
minerals [2,3]. The great economic interest is also justified by the growing demand for phycocolloid
for different uses in the pharmaceutical, food and cosmetics industries [4–9], which has led several
countries to cultivate seaweed [10]. The main hydrocolloids of commercial interest in marine
algae (agar, carrageenan and alginate) are also known to have several biological activities, such as
anticoagulant [11], antithrombotic [12], antiviral [13], immunostimulants [14], thus having great
biotechnological applicability [15]. The variety of seaweed commercial applications discussed raises
an important sustainable question, which cannot be taken lightly further. In order to sustain a steady
supply, a solution that allows a minimal interaction with marine ecosystems is needed. Aquaculture can
be that solution [16,17]. Food safety can only be achieved with a feasible and controllable food source.
The seaweed aquaculture is considered to be one of the major hypothesis to be part of the solution to
obtain global food security [5]. However to be part of the solution, the potential of seaweeds needs
to be characterized and, then selected the seaweeds that are simple to be cultivated, without major
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problems. And also, the selected seaweeds need to have a good nutritional value as demonstrated
by Leandro et al. [5].

Seaweed aquaculture is, above all, a production method which can be scaled up to very high
proportions, maintaining several advantages [16,18]. Thus, aquaculture technologies are considered
a sustainable alternative to optimizing outputs (quantity and quality) and reducing costs and pollution.
These technologies and methods need to be adapted to the environmental request from the aquaculture
location and species cultivated, because the aquaculture can be offshore or onshore and abiotic and
biotic factors that influence the aquaculture system are very different, which will have a high influence
in the aquaculture productivity [19].

Inland saline aquaculture is defined as land-based aquaculture using saline or saltpans
groundwater. Inland saline water can differ in chemistry compared with coastal seawater and
adjusting the chemistry or choosing species that are tolerant to the differences is one of the major
challenges for expansion of inland saline aquaculture. For seaweed aquaculture, a sure water supply
and disposal through terminal evaporation ponds provide critical and expensive infrastructure [20].
Therefore, inland saline aquaculture encompasses a number of culture species, systems and water
types. The potential for expansion of these production systems is almost unlimited. With the increasing
demands on potable water and marine coastal locations, use (or re-use) of inland saline waters provides
a critical resource for high-quality seafood production using unproductive or even detrimental,
resources. Integration of seaweed aquaculture in conventional fish farms, halophytic culture, would
further increase the efficiency and sustainability of these food production systems [20].

All in all, basic and applied research into practical management systems for these systems is
rapidly providing us with the knowledge of how to turn these into profitable farming ventures and
novel food production methods are needed to further improve global wellbeing and inland saline
aquaculture is bound to be a most valuable tool [20].

The future development work of aquaculture techniques, both in shore and off shore, has to account
for studies into those subjects and relate those with designs prepared for strong water movement
and rich inorganic nutrient concentrations in order to enhance nutrient uptake (off shore aquaculture)
or with aeration, dividers for agitation and CO2 adjustments for pH control (in shore aquaculture).

The benthic seaweed Calliblepharis jubata [21] (Figure 1), which belongs to Class Rhodophyta,
Order Gigartinales and Family Cystocloniaceae, is a candidate with an interesting profile for cultivation
and extraction of phycocolloids. It presents a dark reddish-brown, cartilaginous but flaccid stem, up to
30 cm in length. Stipe ± cylindrical, up to 10 cm in length; slightly branched rhizoid. Lanceolate
blade, up to 15 cm wide, simple, irregularly pinned or dichotomously divided, coated by rolled or
hook-shaped proliferations, similar to tendons up to 10 cm or more; blade surface with small spiny
growths in well-developed specimens. They have rocks as habitat or are epiphyte, from the medium
horizon of the intertidal level to the shallow infralittoral [22].

The studies in this seaweed are mainly about their polysaccharide content. Zinoun et al. [23]
reported sulfohydrolase catalyze reaction in this species, which converts carrageenan precursors
molecules (µ- and ν-carrabiose) into 3,6 anhydrogalactose derivatives modifying the non-gelling
precursors characteristic into gelling carrageenans derivatives, such iota-carrageenan [24].
Deslandes et al. [25] recurred to spectroscopic techniques to elucidate about the monosacharides
composition of four red seaweeds, which demonstrated that the main precursor of carrageenan
in C. jubata is the ν-carrabiose. This seaweed carrageenan has been characterized by vibrational
spectroscopy (FTIR-Raman and FITR-ATR), that gives a hybrid iota or iota-kappa carrageenan,
with very low content of kappa-carrageenan, in the all C. jubata life cycle phase [26].
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Thus, C. jubata is an iota-carrageenan primary producer and is considered native in Figueira
da Foz (Coimbra, Portugal). However, this seaweed is not yet valuable for the food industry or even
for human consumption [27].

In this work, we characterize important biochemical compounds (fatty acids, carbohydrates)
and yield of an important compound (carrageenan) in wild specimens of C. jubata and, furthermore
with different cultivation techniques to confirm if this species can be cultivated and be a new source
of an important compound in the food industry and also, in human direct consumption. Still, there is
a lack of information in literature about this species, with a single article of Zinoun and Cosson [28]
supporting the possibility of C. jubata’s cultivation.

2. Materials and Methods

2.1. Reagents

Methanol was purchased from José Manuel Gomes dos Santos, Lda., Odivelas, Portugal and
acetone from the Ceamed Lda., Funchal, Portugal. Ethanol was obtained from Valente e Ribeiro. Lda.,
Belas, Portugal and sodium hydroxide from Sigma-Aldrich GmbH, Steinheim, Germany.

2.2. Seaweed Collection

The specimens of Calliblepharis jubata were collected in Praia da Tamargueira, Buarcos, Figueira
da Foz (40◦10′18.6′′ N, 8◦53′44.4′′ W), Portugal (Figure 2). Sampling was conducted in May 2020
from the sites with well-established C. jubata patches and without epiphytes or degradation visible
at eyesight. The C. jubata specimens were collected in two different tidal pools. The pools distance was
proximate 1 m between them horizontally to guarantee the most identical composition and physical
state between the seaweed collected for analysis and cultivation. Once harvested, samples were stored
in plastic bags for transport to the laboratory, in a cool box. The samples were then transported in cold
boxes to the laboratory, where they were washed with filtered seawater in order to remove sands,
contaminants and other organisms that they may have had. After that, the samples were separated:
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some specimens were weighted and placed in culture systems, while the remaining biomass was
rapidly washed with distilled water, cleaned with paper and stored at −20 ◦C for further analysis.
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2.3. Seaweed Cultivation

Juveniles’ specimens were selected during the primary seaweed collection and transported to
the laboratory in plastic bags containing seawater and packed in cool boxes. Seawater was also collected
to help in the specimens washing process, as well as to be the medium of the indoor cultivation first
stage of the C. jubata, after filtering with paper filters.

2.3.1. Indoor Cultivation

Most of the juveniles used for cultivation (<5 cm) were selected for the indoor cultivation under
controlled conditions at the Marine Algae Laboratory (MARE UC), Department of Life Sciences, Faculty
of Science and Technology, University of Coimbra, Coimbra, Portugal.

The cultivation apparatus were round volumetric flasks of 1 L, containing 1 L of filtered seawater,
with artificial light and artificial aeration from a diaphragm pump, 24 h per day of light. The light was
on during periods of 16 h (day period 16 hL:8 hD), the light bar was at a distance of 10 cm of the flasks
horizontally, the light was an OSRAM light tube with 18 W, 3100 LM and 4000 k.

The cultivation was carried out in triplicate, with average initial weights of 1.75 g ± 0.59 of C. jubata
per liter of seawater, for a period of 42 days. The room temperature was 24 ◦C ± 2 ◦C and 55% ± 5%
humidity. Every two days, the water in each container was renewed three times a week. Once a week,
the algae were weighed on a semi-analytical balance to monitor their average growth.

2.3.2. Inshore Cultivation

In order to obtain more information, we recurred during the MENU—Marine macroalgaE—alternative
recipes for a daily Nutritional diet project (Project Reference: FA_05_2017_011) to a one prototype
cultivation tank from Lusalgae Lda. (Figueira da Foz, Coimbra, Portugal), to check the potential
of C. jubata in the method applied in this seaweed aquaculture company. To obtain sufficient biomass
for the extraction of compounds of biological interest and to compare them with seaweed grown under
controlled conditions, in this stage, C. jubata grew in a water tank exposed to direct sunlight with
aeration during the day (the aeration did not work during the night, only worked in the sunlight).
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The specimens cultivated where identical to the Indoor cultivation (collected in the same pools
in the same collection date, with length lower than 5 cm), to prevent the biochemical composition
differential due to the seaweed growth state. With this, the cultivation method was the principal factor
of differentiation of the biochemical profile.

The medium of cultivation was estuarine seawater (29%–34%) of the Mondego River estuary,
in Figueira da Foz, Coimbra, Portugal, without adding nutrients.

The cultivation tank had a capacity of 1000 L, containing 800 L of mechanically filtered
estuarine water.

The cultivation started from an initial biomass of 666 g in a single tank. Approximately
75% of the water volume was renewed three times a week and after three weeks the entire biomass
was retired to further analysis. The seaweed cultivation method was done by the Lusalgae cultivation
standardized method to the red seaweeds.

2.4. Seaweed Treatment before the Biochemical Characterization

The specimens were washed briefly with distilled water to remove salts and dried in an air force
oven (Raypa DAF-135, R. Espinar S.L., Barcelona, Spain) at 60 ◦C, 48 h. The dried algae were
finely ground with a commercial mill (Taurus aromatic, Oliana, Spain) (≤1 mm) in order to
render the samples uniform and then, stored in a dark room, in a box with silica gel to reduce
the humidity, at ambient temperature (±24 ◦C). The dried biomass was stored to protect it from the light,
until the analysis proceeds.

2.4.1. Fatty Acids Characterization

Samples were divided into three replicates and were processed in order to obtain the extracts.
The lipids were extracted and methylated to fatty acids methyl esters (FAMEs) following
the methodology described in Gonçalves et al. [29]. Samples were incubated with methanol
for the extraction of lipids. The internal standard nonadecanoic acid C19 (Fluka 74208) was added
to each sample to quantify the fatty acid (FA). Then Sodium chloride was added and the samples
were centrifuged to the separation of FAMEs. Then, samples were centrifuged and stored at −80 ◦C.
FAMEs identification was carried out through Gas chromatography-Mass spectrometry (GC-MS),
equipped with a 0.32 mm internal diameter, 0.25 µm film thickness and 30 m long TR-FFAP column.
The sample (1.00 µL) was injected with a splitless mode. The column temperature was programmed to
increase from 80 to 230 ◦C, with helium as the carrier gas, at a flow rate of 1.4 mL min−1. Integration
of FAMEs peaks was carried out using the equipment’s software. The identification of each peak was
performed by retention time and mass spectrum of each FAME, comparing to the Supelco®37 component
FAME mix (Sigma-Aldrich, Steinheim, Germany). Quantification of FAMEs was done as previously
described in Gonçalves et al. [29].

2.4.2. Carbohydrates Content Characterization

The profiles of three replicates were extracted throughout a hydrolysis, followed by reduction
and acetylation [30]. Samples were incubated with sulphuric acid and then added distilled water.
After a reduction with ammonia and sodium borohydride, acetylation was performed with acid
acetic, methylimidazole and acetic acid anhydride as described in Coimbra et al. [22]. The internal
standard 2-desoxiglucose was added to the quantification of sugars. Samples were centrifuged and
resuspended in acetone to be injected in the Gas-chromatography with a flame ionization detector
(GC-FID). The samples were run through a Thermo Scientific Trace 1310 chromatography equipment
(Waltham, MA, USA) equipped with a GC-FID. A TG-WAXMS A (30 m length, 0.32 mm i.d., 0.25 µm
film thickness) GC column was used and the oven was programmed to an initial temperature of 180 ◦C,
following a linear temperature increase of 5 ◦C min−1 until the final temperature of 230 ◦C was reached,
maintaining this temperature for 12 min. The carrier gas was helium at a flow rate of 2.5 mL min−1.
The monosaccharides were identified by retention time comparison with standards. Quantification
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of sugars was performed by comparison of the sugar chromatographic peaks to the peaks obtained
for the internal standard used (2-desoxiglucose).

2.5. Carrageenan Refined Alkali Extraction

Alkali extraction was performed according to the method described by Pereira et al. [31]. The milled
seaweed was weighted in a scale (Radwag WLC 1/A2, Radwag, Radom, Poland) and 1 g samples was
used (n = 3). Before extraction, the milled seaweed material (1 g) was resuspended and pretreated with
an acetone: methanol (1:1) solution in a final concentration of 1% (m/v) for 16 h, at 4 ◦C, to eliminate
the organic-soluble fraction. The liquid solution was decanted, and the seaweed residues obtained
were dried in an air force oven (Raypa DAF-135, R. Espinar S.L., Barcelona, Spain) at 60 ◦C before
the extraction method.

The samples were placed in 150 mL of NaOH (1 M) (1 g of initial seaweed: 150 mL of NaOH
solution) in a hot water bath system (GFL 1003, GFL, Burgwedel, Germany), at 85–90 ◦C, for 3 h.
The solutions were hot filtered, under vacuum, through a cloth filter supported in a Buchner funnel and
a Kitasato flask. After that, the extracts were again filtered under vacuum with a Goosh 2 silica funnel.
The extract was evaporated (rotary evaporator model: 2600000, Witeg, Germany) under vacuum to
one-third of the initial volume. The carrageenan was precipitated by adding the warm solution to
twice its volume of 96% ethanol. The carrageenan precipitated was washed with ethanol, 48 h at 4 ◦C
before drying in an air force oven.

2.6. Statistical Analysis

For the characterization assays, the statistical analysis of variance (ANOVA) was performed,
one for each component, followed by Tukey’s tests in order to compare the values in the quantifications
within the treatment (type of cultivation’s tank or field samples). To determine whether any of the differences
between the means were statistically significant, the p-value was compared to a significance level
(denoted as α or alpha) of 0.05. Differences were considered significant when the p value was lower
than 0.05.

3. Results

In the two seaweeds cultivation systems, we used identical specimens, collected in the same
spots in the same collection date. However, at the end of the cultivation of C. Jubata under controlled
conditions (42 days), a final average weight of 4.25 ± 1.09 g was obtained (Table 1). In the inshore
aquaculture the initial biomass only grew 100 g, performing 766 g after three weeks.

Table 1. Average weight of C. jubata macroalgae during cultivation under controlled conditions.
The values indicate the average weight of the macro algae ± standard deviation.

Days of Culture Weight Average (g)

00 1.75 ± 0.59
07 2.28 ± 0.16
14 2.38 ± 0.11
21 2.78 ± 0.24
28 3.32 ± 0.41
35 4.00 ± 0.92
42 4.25 ± 1.09

3.1. Fatty Acids Characterization

Field and Tank cultivated samples were richer in total fatty acids than the cultivated samples under
the controlled laboratory conditions. Table 2 shows the Tank T was richer in saturated fatty acids (SFA,
2186.69 µg·g−1 dw), while aquarium C was the poorest (1257.64 µg·g−1 dw). Furthermore, tank T was
also the highest in monounsaturated fatty acids (MUFA, 305.74 µg·g−1 dw) and polyunsaturated fatty
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acids (PUFA, 137.96 µg·g−1 dw) concentration respectively, whereas aquarium B presented the lowest
concentration on MUFA (266.03 µg·g−1 dw) and PUFA (20.79 µg·g−1 dw). However, the samples
of the field had the highest concentration of highly unsaturated fatty acids (HUFA, 2602.41 µg·g−1

dw) and the lowest was aquarium B (506.73 µg·g−1 dw). Referring to the total fatty acid composition,
field samples presented the highest value (5289.05 µg·g−1 dw) while aquarium B showed the lowest
(2105.43 µg·g−1 dw) content (Figure 3).Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 12 
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3.2. Carbohydrate Characterization

Monosaccharides present in the samples were analysed after hydrolysis of the polysaccharides.
Our method does not permit to separate the two hexoses, glucose and galactose, so they appear
together and the results are showing the total glucose + galactose. These two residues (sum of glucose
and galactose) were highly identified in all samples, followed by mannose and xylose (Figure 4).
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3.3. Carrageenan Extraction

In the extraction of the main polysaccharide, all the samples have differences, with the F sample
being the best sample assayed and the tank T cultivation (Outdoor) appearing to be the most stable sample
in terms of extraction. In this case, all the indoor cultivations were inserted in only segment (Figure 5).
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4. Discussion

C. Jubata indoor cultivation has been studied for a long time by the research team, to obtain
more information about this seaweed which has an interesting carrageenan, still with scarce or null
information in literature. The cultivation in the lab was proven to be feasible to obtain more information
about the performance of this seaweed to be cultivated. However, the inshore cultivation was not
possible to be done in triplicated due to the lack of available cultivation tanks, although this first
assay demonstrated interesting results in all the assays. This happened mainly due to the cultivation
location being near the collection site and the water being considered identical by other researchers
that monitor the water quality, in various locations near the collection and cultivation sites. However,
the growth was poor when compared to indoor cultivation, this can be explained to the abiotic and
biotic factors impact in the semi-controlled cultivation systems, the inshore cultivation system.

Samples collected in the field showed the highest value of fatty acids content since they were
outdoors, where the conditions were not under control, due to the constant renewal of the water and
the nutrients availability. After field samples, the higher value of fatty acid concentration was followed
by tank T which was outside and in a larger proportion of cultivated seaweed. Indeed, the conditions
in tank T were more similar to the field environmental factors.

In the carrageenan yield, the indoor culture was so identical in results that we put together to
have more robust analysis. With that analysis, we observed that indoor cultivation presented lower
content in carrageenan and more content in FAs than the inshore cultivation.

This is the first time that this species and genus is targeted to be characterized in the fatty acids
and carbohydrates and there is a general lack of information about this seaweed, Whose cultivation
is more feasible in lower temperatures [28]. However, this species is identical with high rated food
consumed red seaweeds in the fatty acids and carbohydrates levels, as Palmaria palmata, Chondrus
crispus and Neopyropia tenera [32,33].

The carrageenan extraction yield from all the samples is identical with the work of Pereira [21]
in the same location of seaweed collection, however lower when compared to the work of the Zinoun
and Cosson [28], that obtained 29% at the lowest yield of C. jubata, in which was collected in Cap Levy,
in France.

Information about carbohydrates content is null in the literature, this being the first study
characterizing the carbohydrate profile of this species and in Calliblepharis genus.

5. Conclusions

Our results support that seaweed indoor cultivation can help to optimize the overall seaweed
cultivation allowing the assess to the ideal growth conditions of C. Jubata. However, this controlled
cultivation system had a negative effect in the C. Jubata biochemical profile. Thus, the inshore cultivation
(partially controlled system) showed more similar results with field samples than with the indoor
cultivation system. However, the seaweed inshore cultivation needs to be more assayed to have high
growth rate without lowering the biochemical compounds. The procedure of cultivation needs to be
optimized to achieve and guarantee high content profiles and thus the best nutritional value.

Further and next plans of the study are to optimize and obtain more information about
the aquaculture process of this seaweed species and the full characterization of the nutritional
value of wild and cultivated C. jubata in parallel with the optimization procedure to guarantee to
the stakeholders and farmers the best quality cultivation. The biochemical profile needs to be further
analyzed in the quantification and characterization of the uronic acids and sulfate compounds, protein
content and amino-acids profile, ash quantification and mineral concentration to have a useful tool to
promote the C. Jubata cultivation.
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Abstract: Vibrio mediterranei 117-T6 is extensively pathogenic to several Pyropia species, leading to
the death of conchocelis. In this study, the first V. mediterranei phage (named Vibrio phage Yong-XC31,
abbreviated as Yong-XC31) was isolated. Yong-XC31 is a giant phage containing an icosahedral
head about 113 nm in diameter and a contractible tail about 219 nm in length. The latent period
of Yong-XC31 is 30 min, and burst size is 64,227. Adsorption rate of Yong-XC31 to V. mediterranei
117-T6 can reach 93.8% in 2 min. The phage genome consisted of a linear, double-stranded 290,532 bp
DNA molecule with a G + C content of 45.87%. Bioinformatic analyses predicted 318 open reading
frames (ORFs), 80 of which had no similarity to protein sequences in current (26 January 2021)
public databases. Yong-XC31 shared the highest pair-wise average nucleotide identity (ANI) value
of 58.65% (below the ≥95% boundary to define a species) and the highest nucleotide sequence
similarity of 11.71% (below the >50% boundary to define a genus) with the closest related phage. In
the proteomic tree based on genome-wide sequence similarities, Yong-XC31 and three unclassified
giant phages clustered in a monophyletic clade independently between the family Drexlerviridae and
Herelleviridae. Results demonstrated Yong-XC31 as a new evolutionary lineage of phage. We propose
a new phage family in Caudovirales order. This study provides new insights and fundamental data
for the study and application of giant phages.

Keywords: Vibrio mediterranei; giant phage; complete genome

1. Introduction

Vibrios are ubiquitous in marine ecosystems living as well-described pathogens of
aquatic fauna, for example, Vibrio anguillarum, Vibrio harveyi, Vibrio coralliilyticus and
Vibrio aestuarianus [1–4]. Vibrio mediterranei is a potential emerging pathogen of marine
animals such as corals and scallops [5,6]. V. mediterranei 117-T6 (CGMCC1.16311) was
isolated from the bleached shell-born conchocelis of Pyropia yezoensis and was pathogenic
to the conchocelis of several Pyropia species, including P. yezoensis [7,8]. Pyropia culture
has a long history in China, but there are no effective prevention and control measures for
bacterial diseases, which seriously affect the economic income of farmers and the healthy
and sustainable development of Pyropia industry [8,9]. Global warming has caused an
increase in sea surface temperature that has undoubtedly led to the unseasonal outbreaks
of Vibrios as well as their increased abundance and virulence in marine environments
and aquaculture [10,11]. Therefore, there are a growing need for effective methods for
managing bacterial infections.
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Viruses, in particular bacteriophages are the most abundant biological entities in the
oceans, showing an extremely high, uncharted diversity [12]. The potential of viruses as
therapeutic agents to treat infectious diseases has been known for a long time, and they are
considered to be important agents and resources as a solution to antibiotic resistance [13].
The phages with double-stranded (ds) DNA genomes larger than 200 kbp are defined
as giant or “jumbo” bacteriophages [14]. Giant bacteriophages commonly contain many
genes that do not exist in the small genome bacteriophages. For example, some giant
phages have several paralogous genes for DNA polymerase and RNA polymerase (RNAP).
Importantly, the proteins encoded by these additional genes may replace the function of the
host proteins, thereby reducing the dependence of giant phages on their bacterial hosts [15].
In addition, many genes in giant phages are interpreted as coding hypothetical proteins
which are not found in small phages, and their biological features are understudied [14].
These genes may be a new resource of proteins for industrial, agricultural, or medical
applications in the future [16–19]. However, large phages are not commonly isolated.
Limited mobility on semi-solid plates, which prevented formation of visible plaques, may
be the possible reason for the rare isolation of giant phage [15,20]. A centrifugal force that
is too high, in the centrifugation to remove bacteria and protists, may also be a reason.

In recent years, bacteriophages have been increasingly applied for disease prevention
and control in aquaculture [21–23]. To mine potential marine application resources for
disease control of Pyropia vibriosis, the first V. mediterranei phage, named Vibrio phage
Yong-XC31 (abbreviated as Yong-XC31), was isolated from the coastal water of Meishan
island (29◦46.989 N 121◦57.516 E), Ningbo, China. Characteristics and the complete genome
of the phage were analyzed. Vibrio phage Yong-XC31 is a giant phage presenting a new
evolutionary lineage of phage.

2. Materials and Methods
2.1. Bacterial Strains and Culture Conditions

Vibrio mediterranei strain 117-T6 (China General Microbiological Culture Collection,
CGMCC 1.16311) was provided by the Key Laboratory of Marine Biotechnology of Ningbo
University [7,8]. V. mediterranei 117-T6 was cultured in NB seawater medium (peptone 10 g,
beef extract 3 g, make final volume up to 1 L with filtered seawater, pH 7.2) at 29 ◦C with
shaking at 180 rpm.

2.2. Antibiotic Susceptibility Test

Antibiotic susceptibility test was performed using antibiological susceptibility discs
(Hangzhou Binhe Microorganism Reagent. Co., Ltd., Hangzhou, China), according to the
instructions and following the standard of the Clinical & Laboratory Standards Institute
(CLSI). 17 types of antibiotic disks were used as follows: penicillin G (6 ug), amoxicillin
(10 µg), cephalexin (30 µg), kanamycin (30 µg ), gentamicin (10 µg), tobramycin (10 µg),
azithromycin (15 µg), aboren (30 µg), chloramphenicol (30 µg), ofloxacin (5 µg), tetracy-
cline (30 µg), doxycycline (30 ug), rifampin (5 ug), trimethoprim/ sulphamethaxazole
(1.25/23.75 µg), vancomycin (30 ug), polymyxin (30 ug) and clindamycin (2 ug). Fresh log
phase V. mediterranei 117-T6 cultures were spread by sterial swab on Muller-Hinton agar
medium, dried at room temperature (about 5 min). Antibiotic discs were then placed on
the surface of the medium with triplicates. The plates were incubated at 29 ◦C for 16 to
18 h. The diameters of the inhibition zones formed were measured.

2.3. Phage Isolation and Morphological Observation

The surface seawater samples used for bacteriophage separation were collected from
the seaside of Meishan island (29◦46.989 N 121◦57.516 E), Ningbo, China on 31 July 2018.
The water samples were placed in an ice box and immediately brought back to the labora-
tory for treatment. After centrifugation at 10,000× g for 10 min, each 80 mL supernatant
was mixed with 40 mL of 3 × NB seawater medium and 2 mL V. mediterranei 117-T6 of log
phase (OD600 ≈ 0.6, 1.91 × 109 CFU/mL). The mixtures were cultured at 29 ◦C with shak-
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ing speed of 180 rpm for 3–4 h to enrich the phages, and then centrifuged at 10,000× g for
10 min. The supernatants were filtered through 0.45 µm pore-size filters. Pure phage strain
was obtained by three serial single-plaque isolation using the conventional double-layer
agar method [24] employing V. mediterranei strain 117-T6 as the host. The bacteriophage
was negatively stained with 3% uranium acetate for 20 s and observed under transmission
electron microscope (Hitachi H-7650, Tokyo, Japan).

2.4. Thermal and pH Stability

Thermal stability was assessed by exposing aliquots of phage suspension (7.5 × 107 PFU/mL,
1 mL, in triplicates) to various temperatures (40, 50, 60 and 70 ◦C) for 30, 60, 90, 120, 150 and
180 min, respectively. To test the pH stability of Yong-XC31, aliquots of phage suspension
(7.5 × 107 PFU/mL, 1 mL, in triplicates) were adjusted using NaOH or HCl to various pHs
(2–12), withdrawn for 2 h at 29 ◦C. Titers of the treated and untreated control samples were
measured using the double-layer plate method. The experiment was repeated three times.

2.5. MOI Selection Experiments and Adsorption Test

In multiplicities of infection (MOIs) selection experiments, 7.5 × 105 PFU of Yong-
XC31 was mixed with a set of serial dilutions of 117-T6 cell suspensions (7.5 × 104 to
7.5 × 108 CFU) at MOIs of 0.001, 0.01, 0.1, 1 and 10, respectively, with triplicates. After
10 min of adsorption at 29 ◦C, the mixtures were centrifuged at 10,000× g for 10 min. The
precipitates were suspended in 5 mL NB seawater medium and incubated for 3 h at 29 ◦C
with shaking speed of 180 rpm. Titers in the supernatant of the lysates were measured by
using the double-layer agar plate method. The experiment was repeated three times. The
MOI with the highest phage production was considered as the optimal one.

To evaluate optimum adsorption time, the phage was mixed with 117-T6 at the optimal
MOI of 0.001 (phage-to-bacterium ratio = 7.5 × 105 PFU/7.5 × 108 CFU) with triplicate
and incubated at 29 ◦C with shaking speed of 180 rpm. Samples were taken at 0, 2, 4, 6, 8,
10, 15 and 20 min post-inoculation and centrifuged at 5000× g for 10 min at 4 ◦C. Phage
titers in the supernatant were measured by using the double-layer agar plate method. The
experiment was repeated three times.

The influence of temperature and pH on the adsorption of the phage was monitored.
The phage was mixed with 117-T6 at the optimal MOI of 0.001 as above and incubated
2 min at 0, 10, 20, 29, 40 and 45 ◦C, respectively, with triplicates, and then centrifuged at
5000× g for 10 min at 4 ◦C. The phage was mixed with 117-T6 at the optimal MOI of 0.001
as above at 29 ◦C at the pH of 4, 5, 6, 7, 8 and 9, respectively, with triplicates, and then
centrifuged at 5000× g for 10 min at 4 ◦C. Phage titers in the supernatant were measured
by using the double-layer agar plate method. The experiment was repeated three times.

2.6. One-Step Growth Experiment

Phage Yong-XC31 was mixed with 117-T6 (1.36 × 108 CFU/mL) at a MOI of 0.001 with
triplicate and allowed to adsorb for 2 min at 29 ◦C. Then, centrifuged at 6000× g for 10 min.
Pellets containing the infected cells were washed twice and re-suspended in 40 mL of fresh
NB seawater medium, incubated at 29 ◦C with shaking at 220 rpm. Samples were taken at
0, 10, 20, 30, 40, 50, 60, 90, 120, 150, 180 and 210 min, respectively, centrifuged at 5000× g
for 10 min at 4 ◦C, and then phage titers in the supernatant were immediately determined
by the double-layer agar method. Titer measurements were conducted in triplicate.

2.7. Host Range Determination

The host range of Yong-XC31 was tested against 34 bacterial strains including the
indicator host (Table 1) using the spot test according to the references [25,26]. Cultures of
each bacterial strain (108 CFU/mL) were mixed with melted 0.7% agar (43 ◦C) NB seawater
medium, respectively, with triplicates and poured on a 1.5% solid agar to make double
layer agar plates. After solidification, 5 µL of phage suspensions (106 PFU/mL) were
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spotted on each plate. The plates were cultured at 29 ◦C for 8 h. It was considered as
positive for clear lysis zones or plaques on the bacteria lawn.

Table 1. Bacterial strains used in the host range assay and infection results.

No. Bacteria Strains Lytic Ability No. Bacteria Strains Lytic Ability

Vibrio mediterranei 117-T6 + Escherichia coli DH5α -
Vibrio hispanicus XXY - Citrobacter freundii -
Vibrio fluvialis XXY1 - Shewanella putrefaciens -
Vibrio unlnificus XXY - Streptococcus iniae -
Vibrio fluvialis XXY2 - Alternate pseudomonas XY -

Vibrio parahaemolyticus 1A08161 - Shigella dysenteriae -
Vibrio parahaemolyticus 1A11655 - Proteus vulgaris -

Vibrio alginolyticus LDF - Proteus mirabilis -
Vibrio alginolyticus XY - Aeromonas hydrophila -
Vibrio alginolyticus WY - Shigella sonnei -
Vibrio alginolyticus SZT - Pseudomonas aeruginosa LDF -

Vibrio harveyi 1–5 - Pseudomonas aeruginosa SZT -
Vibrio harveyi LDF - Aeromonas sobria LY-23 -
Vibrio pacinii XY - Aeromonas sobria ATCC43979 -

Vibrio anguillarum - Pseudoalteromonas issachenkonii XY -
Aeromonas bivalvium XXY - Salmonella paratyphi B -

Edwardsiella tarda SZT - Enterobacter cloacae -
Edwardsiella tarda LW - Marinomonas sp.XY -
Enterobacter sakazakii - Pseudomonas sp. XXY -

(+) representative infection, (-) representative non-infection.

2.8. Genome Extraction and Sequencing

Genomic DNA of phage Yong-XC31 was extracted utilizing the modified method of
standard phenol-chloroform extraction [27]. DNase I and RNase A (TransGen Biotech,
Beijing, China) to a final concentration of 1 ug/mL were added to the purified phage Yong-
XC31 stock solution. The mixture was incubated at 37 ◦C for 2 h to remove contaminating
bacterial DNA and RNA. DNase I was deactivated by incubating the solution for 15 min at
80 ◦C. After adding EDTA to a final concentration of 20 mM, proteinase K at 50 ug/mL,
and sodium dodecyl sulfate at 0.5% (w/v), the mixture was incubated for 1 h at 56 ◦C. An
equal volume of phenol was added to extract the viral DNA, followed by centrifugation
at 10,000× g for 10 min. The aqueous layer was moved to a fresh tube, to which an
equal volume of phenol–chloroform-isoamyl alcohol (25:24:1) was added and mixed, and
then centrifuged at 10,000× g for 10 min. The aqueous layer was mixed with isovolumic
chloroform and centrifuged 10,000× g for 5 min. The aqueous phase was added with an
equal volume of isopropanol, stored at −20 ◦C for 3 h, and centrifuged at 4 ◦C at 13,000× g
for 20 min. The precipitated DNA was washed with 75% ethanol. The obtained Yong-XC31
DNA was resuspended in deionized water and stored at −20 ◦C for further experiments.

The NEBNext Ultra II DNA Library Prep Kit for Illumina (#E7645) was used for
constructing genomic library. Genome sequencing of the phage was performed using the
Illumina MiSeq (SanDiego, CA, USA) sequencing platform to obtain 2 × 300 bp paired-
end reads. Low-quality (Q-value < 20) reads and adapters were filtered out using fastp.
SPAdes 3.13.0 software (http://cab.spbu.ru/software/spades/) was utilized to assemble
the trimmed reads. Phage genome termini were analyzed using our proposed method [28].

2.9. Genome Annotation and Taxonomic Analyses

ORFs prediction was initially conducted with RAST (http://www.rast.nmpdr.org),
and then identified with HMMER and HHpred web server [29,30]. All predicted ORFs
were manually verified using the BLAST tool of NCBI (https:/blast.ncbi.nlm.nih.gov/).
tRNAscan-SE was used to search for tRNA genes (http://lowelab.ucsc.edu/tRNAscan-
SE/; [31]), and the antibiotic resistance genes and virulence factors were searched in CARD
database (http://arpcard.mcmaster.ca) and VFDB database (http://www.mgc.ac.Cn/VFs/
main.htm), respectively.
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Nucleotide sequence comparisons were firstly conducted using NCBI BLASTn [32].
The pair-wise average nucleotide identity (ANI) values between the giant phage Yong-
XC31 and the phages with the 10 top highest homology (Table 2) in BLASTn compar-
ison (e-value < 10−5) were confirmed using OrthoANI [33]. The in silico DNA–DNA
hybridization (isDDH) values between Yong-XC31 and these closely related giant phages
were performed using GGDC (formula 2) [34]. The percentage of conserved proteins
(POCP) values between Yong-XC31 and these related giant phages were calculated as
described previously [35]. Genome comparison of Yong-XC31 and the closest related
phage BONAISHI was done by a genome comparison visualizer, Easyfig [36]. To esti-
mate the nucleotide sequence similarity between Yong-XC31 and other phages in current
(26 January 2021) public databases, the Pairwise Sequence Comparison (PASC) classifica-
tion tool [37] (https://www.ncbi.nlm.nih.gov/sutils/pasc/viridty.cgi) was used. ViPTree
online [38] (available at https://www.genome.jp/viptree/) was used to generate a pro-
teomic tree based on genome wide sequence similarities, computed by tBLASTx, gathering
56 classified phages of the nine families of Caudovirales, Yong-XC31 and 10 giant phages
in Table 2.

Table 2. Average nucleotide identity (ANI), in silico DNA–DNA hybridization (isDDH) and percent-
age of conserved proteins (POCP) values between Vibrio phage Yong-XC31 and the giant phages with
the 10 top highest homology in BLASTn comparison (e-value < 10−5).

Strain Accession no. ANI, % isDDH, % POCP, %

Vibrio phage BONAISHI MH595538 58.65 0 6.774
Aeromonas phage phiAS5 HM452126 0 0 0.606

Aeromonas phage CC2 JX123262 0 0 0.268
Aeromonas phage AS-yj MF498774 0 0 0.278

Aeromonas phage AS-szw MF498773 0 0 0.273
Aeromonas phage AS-zj MF448340 0 0 0.272

Aeromonas phage AS-sw MF498775 0 0 0.271
Pseudomonas phage Phabio MF042360 0 0 0.26

Vibrio phage 2.275.O._10N.286.54.E11 MG592671 0 0 0.245
Vibrio phage 2 TSL-2019 MF063068 0 0 0

2.10. Genome Sequence Accession Number

The complete genome sequence of Vibrio phage Yong-XC31 is available from GenBank
under nucleotide accession number MK308674. The phage has been deposited in China
General Microbiological Culture Collection Center under number CGMCC No. 17098.

3. Results
3.1. Antibiotic Susceptibility of V. mediterranei 117-T6

V. mediterranei 117-T6 was resistant to 4 of 17 tested antibiotics, which were peni-
cillin G, aboren, polymyxin and clindamycin, respectively (Figure 1). It was intermedi-
ate to azithromycin, vancomycin and gentamicin. Though, causing inhibition zones on
V. mediterranei 117-T6 lawn, amoxicillin, rifampicin, tobramycin, tetracycline, doxycycline,
chloramphenicol, ofloxacin and selectrin were not effective inhibitors to V. mediterranei
117-T6 as bacterial colonies existing in the inhibition zone of these antibiotics. Bacterium
resistant to three or more antimicrobials was defined as multidrug resistant (MDR) [39,40].
V. mediterranei 117-T6 is a typical multidrug resistant bacterium.

3.2. Phage Morphology

Vibrio phage Yong-XC31 produced transparent circular plaques with clear and regular
edges on V. mediterranei lawns (Figure 2a). Yong-XC31 is large in size having a head with
icosahedral approximately spherical structure, about 113 nm in diameter, and a contractible
tail, about 219 nm in length (Figure 2b).
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3.3. Thermal and pH Stability

Temperature and pH stability provide more latent capacity with regard to phage
storage, transport and potential applications. In the thermal and pH stability assays, Yong-
XC31 was very stable at 40 ◦C maintaining constant titer for over 3 h, relatively stable at
50 ◦C and 60 ◦C (Figure 3a). The phage was stable at pH 5 to 8. Although the titer declined
dramatically at pH 2, 10 and 11 (Figure 3b), Yong-XC31 can tolerate a pH ranging from 2–4
and 9–10 for at least two hours without complete loss of infectivity.

3.4. Optimal MOI and Factors Influencing Adsorption

Among all the tested MOIs, the optimal MOI is 0.001, when mixing 7.5 × 105 PFU of
Yong-XC31 with 7.5 × 108 CFU 117-T6 host cells (Figure 4a).
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Figure 3. Thermostability (a) and pH stability (b) of Vibrio phage Yong-XC31. All the experiments were conducted in
triplicates.

Figure 4. Multiplicities of infection (MOIs) curve (a), temporary adsorption kinetics of Vibrio phage Yong-XC31 (b),
influence of temperature on adsorption kinetics (c), and influence of pH on adsorption kinetics (d). All the experiments
were conducted with triplicates.
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Adsorption is a key stage in virus recognition of a sensitive host cell. Adsorption of
Yong-XC31 to V. mediterranei 117-T6 is very efficient. The adsorption rate can reach 93.8% in
2 min at 29 ◦C (Figure 4b). External conditions such as temperature and pH are influential
to phage adsorption, in turn, affect potential applications. From 0 to 50 ◦C, the adsorption
rate of Yong-XC31 to V. mediterranei 117-T6 increases with the increase of temperature
(Figure 4c). From pH 4–8, the adsorption rate increases with the increase of pH, while
decreased at pH 9 (Figure 4d).

3.5. One-Step Growth Curve

The one-step growth curve of Yong-XC31 showed a latent period of about 30 min.
There are two generally accepted methods for calculating phage burst size. The average
burst size of Yong-XC31 was 64,227 calculated as the ratio of mean yield of phage particles
liberated to the mean phage particles that infected the bacteria in the latent period (Figure 5)
referring to reference [41], and 2 PFU/cell calculated as the ration of the final count of
liberated phage particles to the initial count of infected bacterial cells at the beginning of
the latent period (Figure 5) referring to reference [24].

Figure 5. One-step growth curve. All the experiments were conducted at MOI = 0.001 with triplicates.

3.6. Host Range Determination

To test Yong-XC31 host range, 34 different bacterial strains (Table 1) were used em-
ploying spot test method. Among these bacterial strains, only V. mediterranei 117-T6 was
found to be susceptible to phage Yong-XC31. Yong-XC31 showed strict host specificity,
which may be favorable for the application of the phage as it is difficult to change the
normal flora.
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3.7. Genome Analysis of Yong-XC31

Yong-XC31 is a typical giant phage at genome level. Complete genome sequencing
was conducted using next-generation sequencing (NGS) with an average read length
of 284.6 bases. 81.66% of the sequencing reads were matched to the complete genome
(133,281 out of 163,212 reads) with an average sequencing depth of 130.6-fold. The complete
genome of Yong-XC31 is 290,532 bp long with a G + C content of 45.87%. Yong-XC31
genome is unique sharing the highest BLASTn homology with the most related phage
BONAISHI (sequence ID: MH595538, query cover as low as 1%, identity 70.62%). 25.2%
predicted Yong-XC31 ORFs might encode novel proteins as they have no similarity to
protein sequences in current public databases (26 January 2021).

No tRNA gene was found in the genome. Among the 318 ORFs of Yong-XC31, 17.3%
were predicted functions, 82.7% predicted as hypothetical proteins. No ORFs associated
with virulence factors, toxins or antibiotic resistance genes were found among the annotated
ones within Yong-XC31 genome. The predicted ORFs could be classified into five functional
categories, including DNA replication/regulation, bacteriophage packaging, bacteriophage
structure, lysis and hypothetical protein (Figure 6, Supplement Table S1).
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6 ORFs were annotated as structural and assembly genes (Supplement Table S1).
15 ORFs were annotated to be involved in DNA replication, recombination, and repair.
2 ORFs encode homing endonucleases of HNH family (ORF68 and ORF141), one of which
is an intron-encoded homing endonuclease (ORF141) located between genes encoding
subunits of RNAP.

As mentioned in the introduction, giant bacteriophages commonly contain many
genes that do not exist in the small genome bacteriophages. Notably, Yong-XC31 harbours
multiple enzyme genes related to bacteriolysis. At least 5 ORFs predicted to play a role in
host cell lysis, including a peptidase (family M48, ORF29), a permuted papain-like amidase
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enzyme (ORF175), a glycosyl hydrolases (family 18, ORF295), a peptidoglycan hydrolase
LytM (ORF143) and a lysin (ORF302). Remarkably, the lysin has a modular structure
comprising an N-terminal glycoside hydrolase 19 domain, and a C-terminal peptidoglycan
binding domain (PGBD).

As introduction described, some giant phages contain additional genes which may
replace the function of the host proteins, thereby reducing the dependence of giant phages
on their bacterial host. Noticeably, Yong-XC31 harbours eight paralogous genes (ORF34,
ORF46, ORF47, ORF69, ORF136, ORF140, ORF142, ORF153) for RNAP. In particular,
Yong-XC31 harbours genes (ORF265 and ORF271) encoding thymidylate synthase (dTMP
synthase) and thymidylate kinase (TdR kinase) responsible for the de novo biosynthesis
of thymidylate (dTMP) and as the salvage enzyme which leads to the production of
dTMP even in presence of dTMP synthase inhibition [42]. Yong-XC31 also harbours a
gene (ORF278) encoding tRNA nucleotidyltransferase/poly(A) polymerase participating
translation, ribosomal structure and biogenesis [43].

3.8. Taxonomy

Yong-XC31 is a novel phage. As described above, Yong-XC31 shared the highest
BLASTn identity (70.62%) with the closest related phage BONAISHI, with the query cover
as low as 1%. Only 8 genes were found to be conserved in Yong-XC31 and Vibrio phage
BONAISHI by the comparison of Yong-XC31 and Vibrio phage BONAISHI (Figure 7).

Figure 7. Genome comparison of Vibrio phage Yong-XC31 and the most closely related phage BONAISHI. Strain-specific
protein coding genes are shown in light blue, protein coding genes conserved in Yong-XC31 and Vibrio phage BONAISHI
are shown in yellow.

Further, the genome of Yong-XC31 shared only 0–58.65% ANI values with the giant
phages with the 10 top highest homology in BLASTn comparison (e-value < 10−5) (Table 2),
which are substantially below the ≥95% ANI boundaries to define a species [44,45]. The
isDDH values between Yong-XC31 and these giant phages all were 0, lower than the 70%
cut off to define a species [34]. The POCP values between Yong-XC31 and giant phage
species were 0.26–6.77%, much lower than the genus boundary cut-off of 50%.

In addition, the Bacterial and Archaeal Viruses Subcommittee (BAVS) within the
International Committee on the Taxonomy of Viruses (ICTV), which holds the responsibility
of classifying new prokaryotic viruses, recently redefined a genus as a cohesive group of
viruses sharing a >50% of high degree of nucleotide sequence similarity [45,46]. Yong-
XC31 shared the highest nucleotide sequence similarity, as low as 11.71%, with the closest
related phage in PASC [37] search. It’s much below the >50% boundaries to define a genus.
Summarily, these results indicate the status of Yong-XC31 as a taxonomically unique phage
presenting a novel monophyletic genus.

Most jumbo phages were attributed to the Myoviridae family. Yet, in the proteomic
tree constructed based on genome wide sequence similarities (Figure 8), Yong-XC31 and
three unclassified giant phages clustered in a monophyletic clade independently between
the family Drexlerviridae and Herelleviridae. These four giant phages harbor genomes of
242,446–309,157 bp. A new phage family is proposed in Caudovirales order.
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Figure 8. The proteomic tree is generated using ViPTree online based on genome-wide similarities determined by tBLASTx.
56 type species of nine families belonging to the order Caudovirales, Vibrio phage Yong-XC31, and 10 giant phages in Table 2
were included in the analysis. Bacteriophage family assignments according to the official ICTV classification are provided
with different color bars. No color bar is marked to unclassified giant phages. Red star refers to Yong-XC31. The sizes or
size ranges of the giant phage genomes are shown in red font on the right.

4. Discussion

Pyropia is an important cultivated seaweed in Northeast Asia [7,47]. In recent years,
increase in the prevalence of diseases and pests has caused a subsequent reduction in
their quantity and commercial value [47,48]. Among these diseases, yellow spot disease
(YSD) is a destructive disease of the conchocelis sporeling culture of Pyropia [7,47,48].
V. mediterranei 117-T6 (CGMCC1.16311) was pathogenic to the YSD of conchocelis of several
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Pyropia species [8]. Traditional antibiotic therapy has no stable effect on YSD [49]. In this
study, antibiotic susceptibility test demonstrated that V. mediterranei 117-T6 was multidrug
resistant, which accord with the ineffective antibiotic treatment. Therefore, the development
of new tools and strategies to control pathogens and treat diseased Pyropia is becoming a
most important issue.

Phages are currently emerging as potential treatments for multidrug resistant bacterial
infections. Yet, literature search yielded no information about V. mediterranei phage. In
this study, the first V. mediterranei phage was isolated and identified as a novel giant phage
representing a novel phage genus. Proteomic tree indicates that Yong-XC31 together with
giant Vibrio phage BONAISHI, Vibrio phage 2 TSL-2019 and Pseudomonas phage Phabio
represent a new evolutionary lineage independently between the family Drexlerviridae and
Herelleviridae. The four giant phages all infect Gram-negative bacteria, contain genome
of 242,446–309,157 bp with only an average 1/4 of the predicted genes being assigned
functions. A new family is proposed here in Caudovirales. In the novel proposed family,
Yong-XC31 presents a monophyletic genus in consideration of the pair-wise ANI, isDDH,
POCP and PASC values.

The therapeutic value of a candidate bacteriophage relies on the characterization of
viral properties such as stability, growth kinetics, host range and viral yield [50]. Results of
this study indicated that the temperature and pH stability of Yong-XC31 was good, which
is conducive to its application to control V. mediterranei infections in complex environment.
Results also demonstrated other good properties of Yong-XC31 including a very low
optimal MOI (0.001), efficient adsorption to host (reach 93.8% adsorption rate in only 2
min), a short latent period (30 min), a high burst size (64,227) and strict host specificity.
Additionally, our small-scale laboratory experiments proved that Yong-XC31 could protect
both the free-living conchocelis (FLC) and the shell-borne conchocelis (SBC) of Pyropia from
harm caused by V. mediterranei [49]. These results suggest significant application potential
of Yong-XC31 in Pyropia production.

Thus, far, only fourteen jumbo phages infecting Vibrio bacteria have been characterized.
Among them, Yong-XC31 is most related to the unclassified phage BONAISHI, which is
strictly lytic for several strains of V. coralliilyticus pathogenic to coral [50]. Yong-XC31 and
BONAISHI share several special characteristics. Their genomes are both about of 290 kb,
contain more than one paralogous gene encoding RNAPs and do not harbour identified
tRNA gene.

Most phages rely on RNAPs of a bacterial host to transcribe their genes [51]. A strategy
used by some phages is to depend on their own single-subunit RNAPs to transcribe a
subset of viral genes [52]. An even more radical strategy is used by some giant phage, not
need to rely on the host RNAP, yet only relies on self-encoded phage multi-subunit RNAPs:
virion-associated RNAPs and early expressed RNAPs [14]. These RNAPs can perform
two functions. The virion-associated RNAP is injected into the host cell together with
phage DNA and transcribes early phage genes [53]. The early expressed RNAP formed by
putative RNAP subunits which would transcribe viral genes expressed in the middle and
late stages of infection [54]. This study finds that Yong-XC31 contains five genes encoding
virion-associated RNAPs (ORF34, ORF136, ORF140, ORF142, ORF153) and three early
expressed RNAPs (ORF46, ORF47, ORF69). This may be beneficial to its efficient infection.
In addition, the absence of detectable tRNA in phage BONAISHI genome suggests that
it is well adapted to the translation machinery of its hosts, which is a critical process for
efficient phage propagation [50]. Similarly, we did not find any tRNA in the genome of
Yong-XC31.

As mentioned above, alternative therapies must be developed to mitigate the sharp
increase in antibiotic resistance. Besides phage itself, novel antimicrobial strategies include
enzyme-based antibiotics (“enzybiotics”) such as phage lytic enzymes. Yong-XC31 harbors
multiple (at least eight) enzyme genes related to bacteriolysis. These enzyme genes may be
potential beneficial resources.

136



Appl. Sci. 2021, 11, 1602

Very little is known about the processes of host–phage interaction in marine environ-
ments. Bailey et al., found that Synechococcus phage S-PM2 contain genes encode homologs
of the key photosystem II reaction center core polypeptides (D1 and D2) and proposed
that this might play an active role in protecting their hosts against photoinhibition, thereby
ensuring an energy supply for replication by preventing the deleterious effects on host cell
integrity seen during acute photoinhibition [55]. Phages infecting marine picocyanobac-
teria often carry a psbA gene, which encodes a homolog to the photosynthetic reaction
center protein, D1. Bragg et al., proposed that phage encoded D1 may help to maintain
photosynthesis during the lytic cycle, which in turn could bolster the production of de-
oxynucleoside triphosphates (dNTPs) for phage genome replication [56]. They examined
the contribution of phage psbA expression to phage genome replication under constant
low irradiance and predicted that phage psbA expression could lead to an increase in the
number of phage genomes produced during a lytic cycle of between 2.5 and 4.5% [56]. In
this study, Yong-XC31 possesses unusual genes rarely present in other phages. In particular,
Yong-XC31 contains an ORF encoding Methyl-accepting chemotaxis protein (MCP) and a
gene encoding EIIB belonging phosphotransferase system. As the predominant chemore-
ceptor and signal transducer in bacteria and archaea, MCPs also termed transducer-like
proteins (Tlps), serve as sensors in bacterial chemotactic signaling [57]. MCPs sense intra-
cellular and environmental signals, and relay them to the downstream signaling pathways
in the cytoplasm. Then, bacteria utilize the well-known chemotactic responses to move
towards factors that favor survival [58]. Further studies are needed to find whether the
expression of the viral methyl-accepting chemotaxis protein gene may enhance the host
survival and persistence in the complex environment, thus profiting the phage itself. The
phosphoenol phosphotransferase system (PTS) is a multi-component signal transduction
cascade that regulates diverse aspects of bacterial cellular physiology in response to the
availability of high-energy sugars in the environment [59]. In bacteria, there are often many
different EIIs. EIIs are responsible for the phosphorylation of the carbohydrate as well as
its transportation across the bacterial membrane [60]. The significance of gene encoding
EIIB in Yong-XC31 remains to be studied.

5. Conclusions

In conclusion, Vibrio phage Yong-XC31 was isolated and characterized as a new
potential biocontrol strategy to control Vibrio mediterranei. A total of 80 orphan ORFs in
Yong-XC31 may be a new resource of applications. Giant phage Yong-XC31 has very unique
genome sequence. Blast search results, ANI values, isDDH values, POCP values, nucleotide
sequence similarity estimated via PASC and proteomic tree demonstrated Yong-XC31 as a
singleton phage distantly related to previously sequenced bacteriophages, representing a
new evolutionary lineage of phage. We propose a new phage family with Yong-XC31 as
the representative specie of a genus. This study expands the diversity of phages.

6. Patents

Lihua Xu; Dengfeng Li; Jing Fang et al., A virulent phage vB_VmeM-Yong XC31 of
Vibrio mediterranei and its application (ZL201910792955.8).
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