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Summary

Phaeodactylum tricornutum, the only species in the genus Phaeodactylum, belongs to a significant
group of microalgae called diatoms. P. tricornutum is considered a promising feedstock of high-value
products. Mainly, due to its ability to synthesize polyunsaturated fatty acids, like eicosapentaenoic
acid, and carotenoids, especially fucoxanthin — a valuable pigment with multiple biological activities.
This work aimed to develop multi-step P. tricornutum processing schemes for isolation of high-added
value fractions using conventional and high-pressure extraction techniques.

Various standard methods achieved the determination of chemical composition. Conventional and
high-pressure extraction techniques like solid-liquid extraction (SLE), supercritical fluid extraction
(SFE), and pressurized liquid extraction (PLE) were applied using various solvents in order to obtain
extracts of various polarity. The high-pressure extraction techniques, SFE and PLE, were optimized
using response surface methodology (RSM) in order to maximize total yield, carotenoid, and
fucoxanthin content.

In vitro antioxidant capacity of initial material, as well as all extracts were determined using the total
phenolic content (by the Folin-Ciocalteu method), DPPH* and ABTS™" assays. The activity of solid
residues was tested with the same in vitro antioxidant capacity assays following the QUENCHER
approach.

The qualitative determination of pigments and quantitative determination of fucoxanthin content was
performed using HPLC-DAD. The fatty acid profile was determined using GC-FID. Moreover, for
all extracts, the antimicrobial activity was using the disc diffusion assay, determining the minimal
inhibitory concentration for the active ones.

This work demonstrates the feasibility of high-pressure techniques for the isolation of high-added
value products from this rather underutilized feedstock.
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Santrauka

Phaeodactylum tricornutum yra vienintelé Phaeodactylum genties raisis, priklausanti mikrodumbliy,
vadinamy diatomomis, grupei. Dél savo unikalios sudéties P. tricornutum yra laikoma puikiu $altiniu,
siekiant gauti aukstos kokybés produktus. Sie mikrodumbliai geba sintetinti polineso¢iasias riebaly
rigstis, tokias kaip eikozapentaeno rugstis, ir karotenoidus, ypac¢ fukoksanting — pigmenta, kuris
pasizymi jvairiapusiu biologiniu aktyvumu. Sio darbo tikslas buvo sukurti daugiapakopes P.
tricornutum perdirbimo schemas, skirtas iSgauti aukStos prodétinés vertés frakcijas, naudojant
tradicinius ir didelio slégio ekstrakcijos metodus.

Cheminé¢ sudétis nustatyta naudojant jvairius standartinius metodus. Norint gauti skirtingo poliSkumo
ekstraktus panaudoti tradiciniai ir didelio slégio ekstrakcijos metodai, tokie kaip maceravimas (SLE),
superkritiné ekstrakcija anglies dvidegieniu (SFE) ir ekstrakcija padidinto slégio aplinkoje (PLE),
naudojant jvairius tirpiklius. Didelio slégio ekstrakcijos metodai (SFE ir PLE) optimizuoti taikant
pavirSiaus atsako metodologija (RSM), siekiant gauti didZiausig iSeigg, karotenoidy ir fukoksantino
kiekj.

Antioksidacinis aktyvumas (in vitro) pradinéje zaliavoje bei visuose ekstraktuose jvertintas nustatant
bendra fenoliniy junginiy kiekj Folin-Ciocalteu‘s metodu bei naudojant DPPH' radikalo ir ABTS™
katijono radikalo blukinimo metodus. Antioksidacinis pajégumas liekanose po atlikty ekstrakcijy
nustatytas naudojant tuos pacius metodus, taciau pritaikant QUENCHER procediira.

Pigmenty kokybinis bei fukoksantino kiekybinis jvertinimas atliktas naudojant HPLC-DAD. Riebaly
rugsciy sudétis nustatyta naudojant GC-FID. Visy ekstrakty antimikrobinis aktyvumas jvertintas
naudojant difuzijos j agara metoda bei nustatant minimalig slopinancig koncentracija.

Sis darbas parodo didelio slégio ekstrakcijos metody, galindiy iSskirti aukStos pridétings vertés
produktus i§ Sios nepakankamai iSnaudotos zaliavos, galimybes.
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INTRODUCTION

Food production will have to increase fivefold to keep up with the world population, projected to be
at around 10 billion by the twenty-first century. Most of today's farmland is being rapidly diverted
for other uses, further limiting the area that can be used to increase food production[86].

Recently, microalgae have drawn considerable interest worldwide, due to their substantial potential
for use in renewable energy and they are considered as alternative feedstocks for production of
valuable bioproducts, with potential applications in pharmaceuticals, nutraceuticals and
cosmetics[73]. Microalgae are small unicellular microscopic organisms which abound in different
ecosystems around the globe. They can be grown in open ponds or photobioreactors without arable
land use.

Phaeodactylum tricornutum is a unicellular pennate diatom. It can exist in three possible morphotypes
(fusiform, triradiate and oval) that are defined by the growing conditions. Due to its high
polyunsaturated fatty acids and carotenoid content, especially fucoxanthin, the P. tricornutum is a
promising natural source for these high-added value products. Commercial production of fucoxanthin
from P. tricornutum biomass was already investigated in the literature[77], [108]. Nevertheless,
recovery of these compounds requires the previous recovery from the biomass and further
downstream processing. As most metabolites are located intracellularly, cell disruption is important
to boost extraction with a suitable solvent as a pretreatment. Supercritical carbon dioxide extraction
(SFE-CO2) and pressurized liquid extraction (PLE) have a great potential to extract valuable
metabolites from microalgae. Nowadays, besides the economic cost biorefinery approaches focus on
the utilization of sustainable extraction techniques with small environmental impact.

Supercritical carbon dioxide extraction and pressurized liquid extraction are considered as green
sustainable extraction techniques, for isolation of functional products from various sources including
microalgae. The use of high pressure allows solvents to change their liquid state, above their boiling
point at very high temperatures. These conditions speed up extraction by increasing the analytes' mass
transfer rate from the material to the solvent, allowing to achieve high yields in shorter processing
periods and a lower solvent usage compared with traditional extraction techniques. Extraction
methods based on compressed fluids have already been shown to be effective solutions. Supercritical
fluid and the pressurized liquid extraction, carried out with different green and safe solvents as ethanol
or CO2, can be sufficient for extracting a variety of compounds according to their polarity[44].

In current research, supercritical carbon dioxide extraction and pressurized liquid extraction were
evaluated for the recovery of high-value compounds from P. tricornutum biomass, including fatty
acids and carotenoids. Moreover, conventional and novel extraction techniques were compared, high-
pressure techniques were optimized, obtained extracts were examined for their in vitro antioxidant
capacity, fatty acid profile, carotenoid content and composition, together with determination of
antimicrobial activity.

The research is aimed to perform chemical characterization of initial Phaeodactylum tricornutum
biomass with further development and optimization of biorefining approaches, using high-pressure
extraction techniques for the isolation of valuable compunds from P. tricornutum freeze-dried
biomass. For realization of the goal, the following objectives were set:

1. To determine the chemical composition of P. tricornutum freeze-dried biomass.

2. To isolate polar and non-polar fractions from P. tricornutum biomass using SLE.

3. To optimize SFE-CO, in order to obtain the maximum vyield, total carotenoid content and
fucoxanthin in the extracts, evaluating the effect of three selected factors by response surface
methodology (RSM).
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. To perform acetone-assisted PLE of SFE-CO> dry residue in order to extract remaining carotenoids
and optimize the process, evaluating the effect of temperature and extraction time by RSM.

. To evaluate PLE-ethanol for recovery of polar fractions from the residues after SFE-CO> and PLE-
acetone, and optimize the process using RSM to optimize total yield, carotenoid content and TPC.
. To measure total phenolic content (TPC) and in vitro radical scavenging capacity (ABTS™ and
DPPH" assays) of the initial material, solid residues and extracts after solid-liquid extraction (SLE)
and SFE-CO- (solid residues and extracts).

. To perform of qualitative determination of pigments and quantitative determination of fucoxanthin
in SFE-CO; and PLE extracts using high-performance liquid chromatography (HPLC-DAD).

. To characterize the fatty acids profile, as their corresponding fatty acid methyl-esters, in non-polar
extracts by means of gas chromatography with flame ionization detector (GC-FID).

. To evaluate the antimicrobial activity of all obtained extracts using disc diffusive assay and to
measure the minimal inhibitory concentration (MIC) of active extracts.
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1. LITERATURE REVIEW

1.1 Phaeodactylum tricornutum

1.1.1. General characteristics

Phaeodactylum tricornutum belongs to a widespread, diverse group of eukaryotic microalgae called
diatoms. Diatoms can be found primarily in saltwater, including alkaline salt lakes but also freshwater
terrestrial environments. P. tricornutum is the only species from the genus Phaeodactylum. Diatoms
are photosynthetic autotrophs; thus, they can fixate CO2 and produce O in the water; that is why
they contribute significantly to the primary productivity of aquatic environments. Although they
represent only 1% of photosynthetic biomass on earth, diatoms are responsible for almost half
(around 45%) of global primary production, thus contributing significantly to the primary
productivity of aquatic environments[124].

P. tricornutum is the only diatom that can be pleiomorphic, can exist in different morphotypes (oval,
triradiate, and fusiform), which can be determined by growing conditions. This property is linked to
the unusual nature of the cell wall, which does not contain a large amount of silica, similar to other
diatoms, so the diatom does not require silicon for growth and can survive without developing
silicified frustules. Nevertheless, typically, all three morphotypes have silicified structures which are
located on the epitheca, cell walls consist of organic compounds of three layers: outer and inner
organic layers and intermediate silicified layer with a thickness of approximately 7, 5 and 3 nm
throughout the walls[13]. The microphotograph of P. tricornutum is presented in Figure 1.1.

Figure 1.1. Microphotograph of P. tricornutum. Adapted from Diner R. E. et al.[34]

Despite the atypical structure, P. tricornutum is one of the diatom model species for research, as it
was the second diatom which genome has been sequenced. Moreover, RNAI vectors are available,
and a transformation protocol was developed[122].
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Compared to other microalgae species that cannot grow at relatively high pH, P. tricornutum has an
upper pH limit of 10.3 and can grow in salinity of 5-65 psu. The potential capacity to grow at alkaline
pH environments is probably due to its carbon absorption profile since the alkalization of water
causes an increase in the amount of bicarbonates in dissolved inorganic carbon. This may cause the
ability to switch the specialization of its enzymatic systems depending on environmental
conditions[118].

P. tricornutum is widely used in studying the biology of marine phytoplankton in areas of ecology,
physiology, biochemistry, and molecular biology[103]. Also, the diatom has been used as a feed in
aquaculture. Both biolistic and electroporation-mediated genetic engineering methods have been
reported for P. tricornutum[9]. It has been proven to be a biofuel precursor[24], a potential source of
protein and essential pharmaceuticals.

1.1.2. Chemical composition and bioactivity

The potential of P. tricornutum as a source of valuable compounds has recently gained broad interest.
As it is known, microalgae can collect solar energy and consume nutrients while growing, with
further nutrients’ transformation into biomass, much of which are proteins, lipids, and
carbohydrates[11]. With increasing interest in biorefinery approaches, the number of studies focusing
on potential products and utilization of P. tricornutum biomass is continually growing. At the
moment, P. tricornutum is considered to be an excellent natural source of polyunsaturated fatty acids,
such as EPA eicosapentaenoic acid (EPA, C20:5,.3) and docosahexaenoic acid (DHA, C22:6y.3), as
well as carotenoids, especially fucoxanthin[76]. It has also been recognized as a potential lipid
source for biofuel production[16].

Previous research has shown that protein content in this microalga has varied depending on the
cultivation conditions. The average values have been reported to be from 30% up to 50%[17], [54].
Brown et al. have investigated the amino acid profile of 15 different microalgae species and
concluded that P. tricornutum contains high levels of essential amino acids[17]. The primary
essential amino acids found in P. tricornutum are leucine, lysine, arginine, valine, threonine, and
phenylalanine. The main non-essential amino acids present in this diatom are glutamic acid and
aspartic acid. Moreover, evaluated essential amino acid index of P. tricornutum (0.9) was almost
equal to that of an ideally balanced protein (egg albumin protein, 1.0)[150].

The carbohydrate content is also different depending on cultivation media. The diatom has shown to
exhibit relatively high carbohydrate content, which was 47%[45], although some other studies have
reported lower content of 26%([120]. According to different studies, the ash content constitutes up to
15% of the biomass[8], [45]. Whereas, the moisture content in dried biomass is relatively low, with
maximum reported values up to 4%[8]. On the other hand, the lipid content of P. tricornutum can
fluctuate from 10 to 60% of the dry weight, depending on growing conditions, metabolic status, the
extraction method, and solvent used. The high oil content makes this diatom suitable for biodiesel
production besides the production of bioactive compounds[8], [39], [128].

Fatty acids. Lipids derived from microalgae are multifarious in their biochemical structure and
composition, they can be presented as neutral lipids (i.e. triacylglycerol) and polar lipids (i.e.,
phospholipids and glycolipids), forming fatty acid chains ranging from medium (C10-C14) to long
(C16- 18) or very-long (>C20) and can be present in both — saturated or unsaturated forms[90]. Apart
from the variety of compounds found in microalgae, omega-3, and other fatty acids are of significant
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interest in the field of nutrition, considering their potential health benefits[32]. The diatom is rich in
omega-3 polyunsaturated fatty acids (omega-3 PUFAs). Omega-3 PUFAs is a particular group of
polyunsaturated fatty acids, where the first double bond is located between the third and fourth carbon
atoms, counting from the methyl end of the fatty acid. Moreover, due to high PUFA content, P.
tricornutum is extensively used as a feed in the aquaculture sector[139].

In 2018 the global value for omega-3 fatty acids was around 2.29 billion USD[37]. Dietary
supplements represent 61% of global market segmentation of EPA/DHA fatty acids, followed pet
foods 19%, food and beverage 14%, infant formula 3%. Fatty acids derived from microalgae make
up 3% of the EPA/DHA market volume and approximately 18% of the value[157]. The amount of
commercial production of DHA has increased with involving microalgae feedstocks in industrial
production. Moreover, saltwater species have shown higher DHA content compared to freshwater
microalgae. Although fish is the commercial source of PUFAs, it cannot supply the global demand.
Moreover, during recent years global fish feedstock is decreasing and certain concerns have been
raised due to the poor oxidative stability of fish oil which makes it unpleasant, as well as potential
danger of contaminants such as mercury[58]. Considering this fact, microalgae become the second
alternative as a feedstock of commercial production of PUFAs.

Although the importance of PUFAs on human health is widely accepted, according to recent research,
developed countries consume five times less PUFAS than the recommended dose[7]. During clinical
studies, EPA has shown a positive effect in the treatment of various diseases, from migraine and
psoriasis to inflammatory and heart diseases[138]. DHA has shown anticarcinogenic activity, the
ability to lower blood cholesterol levels, immuno-enhancing, and detox effects[58]. In addition,
several studies have shown positive metabolic effects of PUFAs on obesity, as the reduction of
inflammation markers in plasma of obese women[58], the reduction of accumulation of fat in mice
fatty tissues[126] or the in vitro suppression of differentiation of adipocytes[91]. The structures of
DHA and EPA are shown in Figure 1.2.
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Figure 1.2. Structures of DHA and EPA. Adapted from Links R. et al. [93]

Studies that evaluated P. tricornutum fatty acid profile have concluded that diatom mostly contains
EPA, DHA, palmitic acid, and some short-chain polyunsaturated fatty acids[8], [127], [128]. Palmitic
acid (C16:0) was found to be the most abundant saturated fatty acid from P. tricornutum. Among
monounsaturated fatty acids, palmitoleic acid (C16:1) and oleic acid (C18:1) were reported in high
amounts (more than 100 mg/g™) in P. tricornutum[39], [41].
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Carotenoids. Carotenoids are a large class of organic pigments that are nowadays highly demanded
by industry because of several proven human health benefits. They exhibit a wide array of
bioactivities from antioxidant capacity to neuroprotective and anti-obesity effects[112]. Carotenoids
can be classified into two main groups, the carotenes, which are hydrocarbons (i.e. -carotene,
lycopene), and the xanthophylls, which contain oxygen atoms (i.e. zeaxanthin, fucoxanthin)[27]. The
main natural carotenoid sources are plants and algae, as well as several bacteria and fungi. The
carotenoids global market has reached $1.5 billion in 2017 and is predicted to increase to $2.0 billion
by 2022, with 5.7% of annual growth rate in the period of 2017-2022[105].

A large group of photosynthetic pigments that are involved in photoprotection is localized in the
chloroplasts of P. tricornutum, including (3-carotene, diatoxanthin, diadinoxanthin and fucoxanthin.
[-carotene is known for its efficiency as a natural quencher, which can scavenge reactive oxygen
species (ROS), peroxyl radicals, and singlet oxygen. Together with a-tocopherol, it is involved in the
inhibition of lipid peroxidation [110].

Figure 1.3. The structure of p-carotene

Also, B-carotene stimulates gap junctions, which provide intercellular communication, responsible
for cell growth, apoptosis, and differentiation[141]. The structure of p-carotene is presented in
Figure 1.3.
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Figure 1.4. Molecular structures of the xanthophyll cycle conversion of diadinoxanthin to diatoxanthin when
exposed to the light[147]

Diatoxanthin and diadinoxanthin are the other main xanthophylls in the diatom, apart from
fucoxanthin. Their main role is the protection from the harmful effects of light saturation.
Diadinoxanthin is the precursor of diatoxanthin, which is usually stored in an inactive form and can
be transformed into the active form within a couple of minutes when exposed to light stress
conditions (this process is shown on Figure 1.4). Diatoxanthin also can scatter energy by using non-
photochemical quenching[36]. Despite the photoprotective importance for the cells, no further
biological activity, nutritional importance, or health benefits of diatoxanthin and diadinoxanthin were
proven[83].
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1.1.3. Fucoxanthin

P. tricornutum contains up to 30 mg/g total carotenoids of dry biomass, mainly fucoxanthin, which
ranges from 13 to 26.1 mg/g of dry biomass[29], [78]. Fucoxanthin, the primary marine carotenoid
of P. tricornutum, is widespread in macro- and microalgae and, in several cases, provides more than
10% of the total natural carotenoid production[59]. Fucoxanthin is located in the thylakoids of
chloroplasts and is able to generate a light-harvesting complex with chlorophyll a/c[155]. It is a
xanthophyll, that absorbs light in the blue-green to the yellow range of the visible spectrum (450 to
540 nm with a peak approximately at 510-525 nm)[63]. When fucoxanthin is bound to proteins, the
absorption spectrum of fucoxanthin changes from 450-540 nm to 390-580 nm, that is required for
successful photosynthesis in the oceans, thus making it more useful for aquatic environments[116].
The structure of fucoxanthin is shown on Figure 1.5.

Figure 1.5. Fucoxanthin structure

Fucoxanthin’s lipophilicity and its interaction with the intestinal cells’ phospholipid membrane
determine the cellular uptake after ingestion[144]. Therefore, the bioactivity of this carotenoid
depends on its digestibility, which starts in the gastrointestinal tract by enzyme lipase that hydrolyzes
it, or cholesterol esterase that deacetylates it to fucoxanthinol. Figure 1.6 shows how fucoxanthin is
being dehydrogenated into amarouciaxanthin A in the liver[5], [28], [114].

fucoxanthinol
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Figure 1.6. Metabolic pathway of fucoxanthin during digestion and intestinal absorption in mice. Adapted
from Asai et al.[5]

The fucoxanthin has been found to have several therapeutic activities, including anticancer,
antihypertensive, anti-inflammatory, and anti-obesity effects[43], [53], [92]. In the study conducted
by Neumann et al., the antioxidative, antiproliferative, and anti-inflammatory effects of fucoxanthin
derived from P. tricornutum were investigated. At concentrations up to 50 pg/mL, fucoxanthin
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showed no cytotoxic effect, although, at higher concentrations, it showed a cytotoxic effect on the
mouse macrophage cell line RAW 264.7. It also has exhibited stronger antioxidant capacity during
the FRAP analysis as compared to B-carotene. No anti-inflammatory effects of fucoxanthin derived
from P. tricornutum were proven; however, anti-proliferative and antioxidant effects were
reported[108]. These results allow concluding that fucoxanthin derived from diatom biomass helps
to inhibit the effects of oxidative stress associated diseases and might potentially facilitate traditional
cancer treatment[108].

For now, the majority of studies that have elucidated the beneficial health effects of fucoxanthin were
using macroalgae-derived fucoxanthin, while the diatom P. tricornutum contains several times more
fucoxanthin than macroalgae, it could become a new promising source of this marine carotenoid.
Additionally, the diatoms can be cultivated in artificial photobioreactors; thus their production could
not be linked to fixed season and environmental conditions as than macroalgae[142]. P. tricornutum
is already produced in different types of closed and open photobioreactors. Hence, it could be a
suitable feedstock for scaling-up microalgal fucoxanthin production[106], [107], [137].

1.2. Extraction techniques for bioactive compounds recovery from microalgae

In many companies producing algae-based products, biomass is harvested, dried, ground, or
formulated into pellets, or microalgae are the final product itself[25]. In order to isolate various
bioactive algal compounds such as omega-3 fatty acids, minerals, vitamins, and carotenoids, different
polarity solvents would be required. Carbohydrates for example, are polar, and they are soluble in
polar solvents like acetone, ethanol and water. PUFAs and carotenoids are mainly non-polar
substances, so they are better extracted with non-polar hexane, supercritical CO, and semi-polar
acetone[19]. Majority of bioactive compounds are susceptible to high temperatures. That is why
choosing proper extraction techniques, solvent and extraction conditions depending on obtaining
desirable compounds is a crucial part during the recovery process. The most common extraction
techniques applied for algae are Soxhlet extraction, microwave-assisted extraction (MAE),
ultrasound-assisted extraction (UAE), solid-liquid extraction (SLE), pressurized liquid extraction
(PLE), supercritical fluid extraction (SFE), enzyme-assisted extraction (EAE)[70]. A comparison of
total oil yield in different microalgal species using SFE, PLE, and MAE is represented in Table 1.1.

Table 1.1. Comparison of total oil yield of high-value metabolites extracted from different microalgae through
SFE, PLE and MAE

Algae species SFE, ail yield PLE, oil yield  MAE, oil yield References
(%) (%) (%)

Arthrospira platensis 4.07 10.95 4.27 [6], [10]

Chlorella vulgaris 4.9 39.31 31.9 [6], [22]

Scenedesmus sp. 6.2 - 28.33 [6], [161]

Nannochloropsis gaditana 12.9 36 40 [128]
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Algae species SFE, oil yield PLE, oil yield  MAE, oil yield References

(%) (%) (%)
Monoraphidium sp. 29.46 20 - [42]
Pavlova sp. 12.9 - - [23]
Phaeodactylum tricornutum 14.7 34.3 28.5 [39], [48]
Schizochytrium limacinum 33.9 - 24 [6], [148]
Haematococcus pluvialis 28.2 15.81 14.26 [6], [121]

SFE — supercritical fluid extraction, PLE — pressurized liquid extraction, MAE — microwave assisted extraction

Microalgal biomass typically undergoes a pretreatment step before extraction. After gathering from
natural ecosystems or photobioreactors, biomass is washed, and all possible impurities and residues
are removed. Then, biomass is dried and crushed in order to increase the surface-to-volume ratio.
These procedures also allow better matrix penetration by a solvent that results in a more efficient
extraction process[57], [159].

1.3. Conventional and novel extraction techniques

1.3.1. Conventional extraction techniques

Several conventional extraction techniques based on mechanical and chemical processes have been
suggested for the recovery of bioactive compounds from different sources, including microalgae.
The most widely utilized in the literature include maceration, infusion, decoction, Soxhlet extraction,
and hydrodistillation[131], [136]. In order to maximize yield and get pure and high-quality
substances, the choice of the extraction method always depends on the nature and polarity of the
target compound. Typically, conventional extraction methods have low processing cost, and they are
easy in operation. However, due to several phases in the system, a mass transfer resistance might
occur, which limits some conventional extraction techniques as Soxhlet[68].

Moreover, conventional techniques require longer extraction time, do not require high purity
solvents, they show lower extraction yield, have decreased selectivity, and may cause thermal
decomposition of bioactive compounds. Above all, most of the organic solvents used in conventional
extraction techniques are flammable and volatile, energy-intensive, cause environmental pollution,
contribute to the greenhouse effect, climate change, and can harm people[140]. That is why, due to
these limitations and the growing need for producing bioactive compounds novel, cost-effective, fast,
eco-friendly, and safe methods are needed to be implemented.

1.3.2. Supercritical fluid extraction (SFE)

The first characterization of supercritical fluid behavior was reported by Hannay and Hogarth in
1879[143]. A substance behaves as a supercritical fluid when its pressure and temperature increase
above its critical point. Under these conditions, the supercritical fluid has a similar viscosity to a gas,
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the density becomes similar to a liquid, and its diffusivity is an average between gas and liquid.
Because of high diffusivity and low viscosity, supercritical fluids can extract more compounds and
exhibit wider transport properties compared to conventional solvents[131]. Supercritical fluid
extraction is now widely applied to recover a variety of bioactive compounds from food and plant
sources. Carbon dioxide has a Generally Recognized as Safe (GRAS) status in the food industry.
Supercritical carbon dioxide extraction (SFE-CO3) has also been suggested for the recovery of high-
value compounds from micro- and macro algae (Rhodophyceae, Phaeophyceae,
Chlorophyceae)[100]. SFE-CO- typically results in high extraction yields and fast extraction rate,
also with minimal or no consumption of toxic organic solvents, which makes it a green and
sustainable extraction method with no harmful effect on people and the environment[4]. Other
solvents as propane, butane, dimethyl ester were also introduced for usage in SFE. Despite their
recognized toxicity, the quantities used during SFE extractions are too low compared to other
extraction techniques[75], [133].

Pressure

Supercritical Fluid

Solid

Critical Point

Gas

Temperature
For CO,, T.=31°C, P.=1100 psi

Figure 1.7. Phase diagram for carbon dioxide[40]

At room temperature CO- turns back to gas, so obtained extract is entirely solvent-free. Moreover,
supercritical conditions for carbon dioxide are relatively low, with a critical temperature of 31.2°C
and pressure 7.38 MPa[132]. Properties of gas, liquid, and supercritical fluid are presented in Table
1.2.

Table 1.2. Comparison of total oil yield of high-value metabolites extracted from different microalgae through
SFE, PLE and MAE

Density (g/mL) Diffusivity (cm?/s) Dynamic Viscosity (g/cm s)
Gas 103 101 102
Liquid 1.0 5*10° 10*
Supercritical Fluid 3*10? 10°° 102

The schematic diagram of the supercritical CO2 extraction process is shown in Figure 1.8. The
system consists of a CO2 pump, supply pump, extraction column, modifier pump, and co-solvent
pump (if necessary), pre-heat and mixture vessels, and pressure release valves. Also, the system
contains pressure and temperature controllers and, if needed, one or several fractionation cells. Due
to the high cost of CO>, a recycling system is usually added[104].
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Figure 1.8. Schematic diagram of supercritical CO, extraction process. Adapted from Martins et al.[104]

Because supercritical carbon dioxide is a highly non-polar solvent, in certain cases, there is a
requirement to introduce some modifiers, also called co-solvents, to the system to increase solubility
and allow the extraction of more polar compounds such as xanthophylls, phenols, and flavonoids.
The most common co-solvents are methanol and ethanol. In microalgal extraction, the addition of
small amounts of ethanol helped to swell the algal matrix[100]. Moreover, carotenoids containing
hydroxyl groups are extracted more efficiently because of forming hydrogen bonds with ethanol[18],
[71], [99]. As a result, decreased CO2 density by ethanol leads to higher carotenoid yield compared
to pure CO2[79]. On the other hand, pure CO2 exhibits higher selectivity compared to combination
with co-solvents, which can lead to extraction of not only non-polar fat components and carotenoids
but also polar compounds that sometimes can be undesired. Particle size also contributes to the mass
transfer and extraction yield, so in order to increase extraction efficiency, deflocculating agents, and
crushing of material can be used[109], [153].

Temperature and pressure have a significant effect on SFE extraction kinetics. By applying different
conditions, the solvent’s characteristics such as density, viscosity, and diffusivity can be tuned. As a
result, dissolving properties of the fluid can be controlled depending on the nature of the target
compounds. With pressure increasing to its critical point, the solubility of extracting substances
increases as well, and the temperature increases. When the extraction process runs under high
pressure, the temperature decrease leads to increasing the solubility of target compounds[131].
Overall, according to studies on SFE extraction of carotenoids from microalgae, raising the
temperature while pressure was low has led to lower extraction yield due to decreased density of CO>
and carotenoids’ solubility. However, if the carotenoid is sufficiently thermostable, further raising of
pressure and temperature results in higher extraction yields[18], [20], [79], [99], [125], [161]
Extraction efficiency is also determined by polarity, solubility, chemical and thermal stability of the
extracting material. Generally, for carotenoid and lipid compounds extraction from microalgae,
pressure ranges from 10 to 30 MPa, and temperature ranges of 40 to 50 °C are being used[66].

Advantages of SFE: Compared to other extraction techniques, the main advantage of SFE is high
extraction efficiency, which results in higher yields within a relatively short time. Because the fluid
is continuously moving through the material, complete or gquantitative extraction of compounds is
ensured. SFE extraction is easily controlled by changing temperature, pressure, or modifiers used.
Dissolved solutes can be depressurized, and the concentration process can be avoided if pure CO> is
used. Because of the possibility of extraction under low temperatures, thermolabile compounds can
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also be extracted. CO2 used as a solvent can be recycled, it is recognized as GRAS, and extracts are
free from residuals solvents. SFE can be applied from a laboratory scale to pilot plant and industrial-
scale production[132].

Disadvantages of SFE: Because of CO2’s non non-polar nature, the quantitative extraction of polar
substances from solid matrices can be difficult. Meanwhile, the addition of modifiers decreases
selectivity[67], [101]. Deficient interaction between material and supercritical CO2 can occur. SFE
requires high investments and operation costs because high pressure is used during the extraction
process. Moreover, safety measures should be considered while working with high-pressure
techniques to avoid damage to people and the environment[95], [129].

1.3.3. Pressurized liquid extraction

The first use of pressurized liquid extraction was mentioned in 1996 by Richter et al.[96]. PLE is
also known as accelerated solvent extraction, enhanced solvent extraction, high-pressure solvent
extraction, and pressurized fluid extraction. The higher extraction efficiency is achieved when high
pressure brings solvents above the temperature of its boiling point, as the high temperature increases
mass transfer rate and solubility [97,98]. Also, raising the temperature helps to obtain more effective
matrix penetration and, as a result, better extraction rate due to reduced surface tension and viscosity
of solvents. Because the amount of solvents used in PLE is much lower as compared to other
extraction techniques, it is generally recognized as a green technique [99].

A typical PLE system is presented in Figure 1.9. It consists of solvent reservoirs, solvent pump,
nitrogen tank, heating oven and pumps, pressure relief valve, extraction cell, collection and waste
vessels, temperature, and pressure controllers. The prepared material is introduced to the extraction
cell. The cell is filled with the heated solvent, and pressure and temperature are set to enhance the
extraction. Extraction can be static, dynamic, or combined. Static mode allows extracting more
analytes, while dynamic mode has increased mass transfer. When the extraction is finished, the
excess solvent is removed by purging nitrogen into the system. Afterward, the extract is collected
into the vial. In order to prevent over-pressurization of the cell, a pressure valve is installed[72]. Time
of extraction, number of cycles, type of solvent, temperature, and pressure can be changed depending
on the material and desired to extract compounds and yield. The rate of extraction depends on the
nature of the material and location of bioactive compounds within the matrix[55].

The selection of solvent strictly controls the nature of the recovered analytes. Unlike SFE, PLE can
easily extract both polar and non-polar substances. The most common solvents used in PLE are
acetone, ethanol, water, or mixture of them. Hexane can also be used to extract lipophilic compounds.
Also, methane, propane, ethyl acetate, dichloromethane and ionic liquids can be used[62], [117],
[119]. In cases when hot water is used as the only solvent to replace other organic solvents, the
process is called pressurized hot water extraction or subcritical water extraction[35].
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Figure 1.9. Schematic diagram of pressurized liquid extraction. Adapted from Kadam et al.[131]

PLE has been used for the recovery of lipids and a wide range of bioactive substances from algae
and microalgae. Generally, the temperature in PLE varies from 50 to 200°C, and the pressure range
is 3.5-20 MPa. PLE extraction of zeaxanthin from Chlorella ellipsoidea was performed using
ethanol, hexane and 2-propanol as solvents[82]. The same method was used for zeaxanthin recovery
from Chlorella vulgaris with ethanol. Hexane and 2-propanol, required higher temperatures to obtain
the same result[22]. Rodriguez-Meizoso et al. studying carotenoid recovery from Phormidium sp.
with PLE using ethanol, also observed that under the temperature range of 50-100°C and the pressure
of 10.3MPa extraction yields increased[123]. P. tricornutum was also studied for fucoxanthin
recovery using PLE with optimum conditions of 50°C, 100% EtOH and 20 min extraction time. PLE
showed a higher fucoxanthin extraction yield as compared to MAE[47].

Advantages of PLE. Compared to other extraction techniques, PLE requires much less time to
perform one extraction. Moreover, it drastically reduces the amount of solvent used for extraction. It
also allows us to use a wide range of solvents and have a fully automated process with the possibility
to control extraction parameters[134].

Disadvantages of PLE. Because of the high temperatures used in extraction, PLE is not the best
option to recover thermolabile compounds. It also does not have high selectivity. As well as SFE,
PLE should be carefully monitored upon using for safety reasons because of the high pressure used
throughout the process[65].

1.4. Processing and technology of P. tricornutum

P. tricornutum has been mostly targeted as a feedstock of bioactive compounds such as PUFAs and
fucoxanthin. The most common extraction techniques applied were SLE and PLE using n-hexane,
acetone, ethanol and water, and SFE-CO». Kim et al. has conducted research using MAE, UAE, PLE,
and Soxhlet extraction with a range of solvents as hexane, acetone, ethanol, water, and mixes in
different proportions. Moreover, carotenoid content was evaluated using HPLC (high performance
liquid chromatography), and EPA content was compared with several micro- and macroalgae
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species. The major carotenoid in P. tricornutum was found to be fucoxanthin, followed by several
chlorophyll-type a, c1, c. carotenoids and diatoxanthin The highest fucoxanthin content was obtained
by using acetone and ethanol as solvent. There was no statistically significant difference between
fucoxanthin yield in the different extraction methods, although the highest yield (16.51 mg/g DW)
was under PLE extraction. Also, fucoxanthin yield increased with increasing the pressure and
gradually decreased with increasing the temperature[47], [77].

Gilbert-Ldpez et al. have optimized PLE and MAE using ethanol, water alone or in different ratios
for the recovery of bioactive compounds from P. tricornutum. In general, the extracts’ composition
was similar in both extraction techniques. However, extraction yield, carotenoids, and PUFAs
recovery were shown to be higher in PLE[47]. Only one recent research has reported data on the
extraction of P. tricornutum and several other microalgal biomass using supercritical CO2 and
subcritical n-butane. Extraction conditions of SFE-CO, for P. tricornutum were 30 MPa, 40°C,
extraction time was 2 hours and CO; flow rate was 9mL mint. The maximum lipid extraction yield
was 14.7 mg g™ DW with further evaluation of extracts on fatty acids profile and total carotenoid
content. As it was summarized, SFE-CO, has the potential to be commercially applied for
fucoxanthin production from P. tricornutum[56], [85].

Currently, there is lack of data in the literature on PLE extraction potential and influence of different
conditions on P. tricornutum biomass, with additional evaluation of extracts for antioxidant capacity,
total phenolic content, fatty acids and carotenoids, as well as other possible bioactivities. Moreover,
there is no data on the optimization of SFE-CO: for the diatom with further integration of the
biorefinery concept. Thus, the optimization of SFE-CO. and further biorefinery of P. tricornutum
biomass applying PLE to the SFE-CO:; residues was performed in the current research.

1.5. Biorefinery concept

Microalgae biomass consists of a wide range of valuable compounds, which makes it a suitable
feedstock for producing bio-products such as nutraceuticals, pharmaceuticals, as well as a potential
biodiesel resource[74]. Nowadays, the main challenge is high production costs because of the
expenses linked with microalgae cultivation. The key issue is in downstream autotrophic cultures
and the impossibility of simultaneously optimizing process recovery which accounts for 40% of the
total cost. This happens mainly due to the diluted nature of the multiple microalgal components and
the challenges associated with their separation from the biomass[46]. The main bottlenecks in
microalgae production are enhancing the growth rate and product synthesis of microalgae,
dewatering the cultivation of algae for the production of biomass and biomass pretreating[73]. Thus,
integration of the biorefinery concept could provide an opportunity to significantly decrease
production costs by producing multiple components from microalgae biomass[151].

The idea of microalgae biorefinery is not recent and has been discussed for several years now. The
concept implies the conversion of biomass into several high-cost products by sustainable production
with minimal waste and maximum utilization of raw materials, which makes the whole process cost-
effective[30]. Figure 1.10 illustrates possible algae biorefinery pathways. Pressurized fluids can be
coupled with the production, so yield is expected to be much higher compared to conventional
production, and by using green techniques, no damage to people and the environment will be caused.

26



Moreover, as it was reported the current microalgal biomass production cost which is about $4.92
kg, is expected to be reduced down to $0.50 kg™ within a biorefinery approach [84].
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Figure 1.10. Possible algae biorefinery pathways. Adapted from [74]

For now, there are only a few studies on the biorefinery concept for P. tricornutum[12], [52].
Considering this fact, current research was conducted to investigate bioactivity of high-value
compounds derived from P. tricornutum, optimize the SFE-CO. extraction with further application
of PLE on solid residues to maximize full recovery of compounds.
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2. MATERIALS AND METHODS
2.1. Algal material

P. tricornutum freeze-dried biomass (Phytobloom Prof Phaeodactylum ®) was obtained from Necton
SA, Portugal. The material was stored in the freezer (-18 °C) until further analysis.

2.2. Chemicals and reagents

Acetone, Analyticall HPLC grade hexane, 2,2’-azinobis-3-ethylbenzothiazoline-6-sulfonic acid
radical cation (ABTSe+, 99 %), catalytic tablet (K2SO4, CuSO4), Conc. H2SO4, NaOH, HzBOs,,
Na>COs, 2,2-Diphenyl-1-picrylhydrazyl hydrate (DPPHe, 99%), 3.4,5-trihydroxybenzoic acid (gallic
acid, 99 %), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox, 97 %),
analytical/HPLC grade methanol (Sigma-Aldrich, Poole, UK), hexane (PENTA Chemikalien,
Mainaschaff, Germany), Folin-Ciocalteu's phenol reagent 2M, nitrogen liquid(AGA SIA, Riga,
Latvia), carbon dioxide, nitrogen gases (99.9%, Gaschema, Jonava region, Lithuania), cotton-wool
(Bella-cotton, Poland), microcrystalline cellulose 20 um (Sigma-Aldrich, St. Louis, MO, USA),
NaCl, KCI, KH2POs4, K3S:0s (Lach-Ner, Brno, Czech Republic), Na.HPOs (Merck KGaA,
Darmstadt, Germany), sodium carbonate (99.5 %, AppliChem, Darmstadt, Germany), ultrapure water
obtained by Millipore purification system (Billerica, MA, USA), ethanol (99.5%) (VWR Chemicals,
Fontenay-sous-Bois, France), commercial B-carotene and fucoxanthin standards (Sigma-Aldrich,
USA), ASE filters (Glass Fiber (X) Cellulose and diatomaceous earth (100% SiO2) from Dionex
Corporation (Sunnyvale, CA, USA), ethanol (99.5%) (VWR Chemicals, Fontenay-sous-Bois,
France).

2.3. Determination of chemical composition
2.3.1. Determination of Ash Content

P. tricornutum freeze-dried biomass 1+0.1 g was placed in a dry, constant weight crucible.
Experiments were performed in triplicates. Crucibles with ground samples were placed on the electric
hotplate and heated until the smoke stopped to form. After this, crucibles with samples were
transferred and kept in the muffle under 600-650 °C temperature. Ash (mineral) content (%) was
calculated using Equation 2.1 below and expressed in a g/100 g of dry weight (DW):

(k1-k2)/(k1-K) * 100, g/100g of DW; (Eg. 2.1)

where: k — the weight of the crucible, g; k1 —the weight of the crucible with the sample before drying,
g; k2 — the weight of the crucible with the sample after drying, g.

2.3.2. Determination of oil content by Soxhlet-Hex extraction

P. tricornutum freeze-dried biomass was previously manually crushed in a mortar for 5 min.
Afterward, 2+0.01 g were placed in cellulose extraction thimbles. Soxhlet extraction was performed
in automated Soxhlet extractor EZ100H (Behr Labor-Technik, Disseldorf, Germany). Cellulose
extraction thimbles were inserted into an inner tube of the Soxhlet extraction apparatus for the
extraction. All extractions were performed in triplicates, and the non-polar fraction was isolated using
hexane solvent. Total extraction time was 360 min, extraction rate one cycle was 3 min, and the
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temperature was 80° C. Hexane was evaporated in a Biichi V-850 Rotavapor R-210 (Flawil,
Switzerland). After the organic solvent evaporation, extracts were kept under nitrogen flow for 10 to
15 min to evaporate residues of hexane. Extract yields were determined gravimetrically (£0.001 g)
and expressed as a % of dry weight.

2.3.3. Determination of nitrogen content by Kjeldahl method

P. tricornutum freeze-dried biomass was weighed (of 1+0.01 g) to the special Kjeldahl flask. 20 ml
of concentrated H2SO4 was added, as well as the tablet of catalyst (K2SO3 3.4 g, CuSO4 0,4 g), and
the mixture was heated for 2 hours until it became transparent. The heating intensity was 60%. Then
the solution was distilled using an automatic steam distillation system under the following conditions
— 3 s NaOH, 3 s H3BOs, the time of distillation was 300 min, the intensity of the steam was 80 %.
After distillation, the solution was collected into the flask, followed by the addition of the Toshiro
indicator and titration with a 0,1 N HCI solution until the color changes from light green to violet. 20
ml concentrated HSO4 was used as a control sample and analyzed in the same manner as described
above. The nitrogen content was calculated using the following Equation 2.2 (with expression in a
percentage):

%N=(VA-VB) * NHCI * 1,4007/W; (Eq. 2.2)

where: VA — volume of standard HCI required for the sample, ml; VB - volume of standard HCI
required for the blank, ml; NHCI — normality of acid standard; 1,4007 — miliequivalent weight of
N*100; W — weight of the sample, g.

2.3.4. Determination of water content

The weight of 2+0.05 g of P. tricornutum freeze-dried biomass was placed in a dry, constant weight
glasses with a cap and rod. Experiments were performed in duplicates. Glasses with a cap, rod, and
samples were weighted gravimetrically (0.001 g), periodically stirred, and dried in the oven at the
100-105 °C temperature. After every 24 h, samples were cooled in the desiccator for 30 minutes and
then weighted gravimetrically (£0.001 g) until the constant weight. After 48h of drying, the water
content (%) was calculated using Equation 2.3 below and expressed in a g/100 g of dry weight (DW).

X=(m1-m2)/(m1-m) * 100; g/100 g of DW; (Eq. 2.3)

where: m — weight of the glass with a cap and rod, g; m1 — weight of the glass with a cap, rod and the
sample before drying, g; m2 — weight of the glass with a cap, rod and the sample after drying, g.

2.4. Conventional extraction techniques. Solid-liquid extraction (SLE)

Solid-liquid stepwise extractions with different solvents (hexane, acetone, ethanol, and water) were
performed in a thermostatically controlled shaker. All extractions were performed in triplicates. P.
tricornutum freeze-dried biomass with a weight of 10g was loaded into dry plastic bottles. 10 ml of
hexane was poured on the biomass. After each step fresh solvent was added at the ratio of 1:1 (g
biomass: ml of solvent). Bottles with mixture were shaken at 900 rpm. Every extraction took 360 min
and was performed at 40°C. After each extraction step, the extraction bottles were cooled down,
centrifuged (9000 rpm, 10 min), and the mixture was filtered (Whatman filter paper 1). All the organic
solvents were evaporated in a Blichi V-850 Rotavapor R-210 (Flawil, Switzerland), and water extracts
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were freeze-dried. After organic solvent evaporation, extracts were kept under the nitrogen flow for
15 min to evaporate residues of organic solvents. All extracts were kept at -20 °C protected from light
until the next analysis was performed. SLE-HEX, SLE-AC, SLE-EtOH, SLE-H2O extracts yields
were determined gravimetrically (£0.001 g) and expressed in a % of dry weight DW.

2.5. Isolation of bioactive compounds from P. tricornutum by high-pressure extraction
techniques

2.5.1. Lab-scale supercritical CO; extraction (SFE-CO)

Supercritical CO, extraction (SFE-CO2) was performed in a Helix extraction system (Applied
Separation, Allentown, PA, USA) using 2.500 £ 0.001 g of P. tricornutum freeze-dried biomass
(previously manually crushed in a mortar for 5 min), which was placed in a 50 mL cylindrical
extractor (14mm inner diameter and 320mm length) between two layers of the cotton wool to avoid
particle carry-over to the system. The surrounding heating cover controlled cylindrical extractor
temperature. The biomass was extracted at the following conditions: pressure 150-450 bars,
temperature 30—70 °C, the flow of EtOH as a co-solvent 5-10%, dynamic extraction (continuous flow
of supercritical CO.) was constant — 90 min. The static extraction was conducted with pressurizing
supercritical CO> for 10 min in a sealed extraction vessel prior to each dynamic extraction.

2.5.2. Pressurized liquid extraction (PLE)

Pressurized liquid extraction (PLE) was performed in ASE-350 extraction system (Thermo Scientific
Dionex, Sunnyvale, CA, USA) 3.000 + 0.001 g of P. tricornutum residual biomass after SFE-CO-
optimal conditions, which were mixed with 7.500 g quartz sand (1/2.5, w/w) and placed to 66 mL
stainless-steel extraction cells with cellulose filters in each end, before to the extraction
experiments[47]. The biomass was stepwise extracted with acetone and ethanol at the following
conditions: temperature 40-100°C pressure 103 bars (constant for ASE-350), dynamic extraction
time 15-45 min (5, 10 and 15 minx3 cycles), pre-heating time 5 min, cell flush volume 50% and
purge time 120 s with nitrogen to collect the extracts in the vials. Selection of temperature higher than
100°C was avoided, as it may damage sensitive bioactive compounds such as carotenoids and induce
oxidation of polyunsaturated fatty acids, while extraction time was based on previously performed
studies demonstrating that it is sufficient for the recovery of carotenoids and polyunsaturated fatty
acids from microalgae[47]. All the organic solvents were evaporated in a Blichi V-850 Rotavapor R-
210 (Flawil, Switzerland), and water extracts were freeze-dried. After organic solvent evaporation,
extracts were kept under the nitrogen flow for 15 min to evaporate residues of organic solvents. All
extracts were kept at -20 °C protected from light until the next analysis was performed. SLE-HEX,
SLE-AC, SLE-EtOH, SLE-H>O extracts yields were determined gravimetrically (x0.001 g) and
expressed in a % of dry weight DW.

2.5.3. Experimental design

Central composite design (CCD) and response surface methodology (RSM) were used for the
experimental design setup of SFE-CO,. For SFE-CO;, three independent variables and their variation
levels were chosen, namely pressure (150-450 bars), temperature (30-70 °C), and the amount of
ethanol as co-solvent (5-10%). The response factors (RF) were the total yield of SFE—CO> extract,
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total carotenoid content, and amount of fucoxanthin. The complete design consisted of 18
experimental runs (8 factorial, 6 axial, and 4 center points) and was established using the Design-
Expert 12 software (Stat—Ease Inc., Minneapolis, MN). The multiple regression equation was applied
in order to fit the second-order polynomial equation, expressing the yield of SFE-CO; extract as a
function of independent variables. Values were evaluated using version 8.0.7.1 of the Design-Expert
trial program. Model statistical significance and each variable were calculated using the Student test
(p-value) at a likelihood level of 5% (p<0.05). The suitability of the model was determined by
comparing the coefficient of 'lack of fit' and the obtained Fisher test value (F-value).

PLE was applied to SFE-CO- optimal conditions residues. Central composite design (CCD) and
response surface methodology (RSM) were used to design the experiment. For PLE, two independent
variables and their variation levels were chosen — time per cycle (5-15min) and temperature (40—
100°C). Total yield, total carotenoid content and total phenolic content were chosen to be response
factors. The complete design consisted of 12 experimental runs (in duplicates) and was established
using the Design-Expert trial version 8.0.7.1 software (Stat—Ease Inc., Minneapolis, MN). All models
were evaluated considering the percent variation explained by the residual standard deviation (RSD),
determination coefficient (R2) and lack-of-fit test for the model from the analysis of variance table,
as the significance criteria. Response surfaces were obtained by accepting significances at p <0.05,
by the combination of two experimental factors, looking to maximize the yield and total carotenoid
content. Biorefining scheme for P. tricornutum is shows on the Figure 2.3.

2.6. In vitro antioxidant capacity
2.6.1. Measurement of total phenolics content (Folin-Ciocalteu assay)

Total phenolics content (TPC) of the SLE and SFE-CO. residual biomass and extracts of P.
tricornutum were determined by using the Folin-Ciocalteu's assay with some modifications[26]. The
working solution was prepared by diluting commercial Folin-Ciocalteu’s reagent in distilled water
(1:9, v/v). 750 pL diluted Folin-Ciocalteu’s solution was mixed with 150 pL of the sample. MeOH
was used for the blank. After 3 minutes, 600uL of Na,COs (75¢/L) was added into the solution, left
in the dark for 120 min at 25 °C. For QUENCHER approach TPC of the initial residual biomass after
SLE and SFE-CO- was measured by its direct application to the solid particles[130]. Microcrystalline
cellulose was used as blank. 750 uL diluted Folin-Ciocalteu’s solution was mixed with 10 mg of
sample and 150 pL distilled water in a test tube. After 3 minutes, 600 puL of NaCOs (75¢/L) was
added to neutralize the mixture, shake in the dark for 120 min at 25 °C, centrifuged at 4500 rpm 5
min. Absorbance was measured at 760 nm with Spectronic Genesys 8 spectrophotometer (Thermo
Spectronic, Rochester, NY, USA).

Gallic acid solutions were used to obtain the calibration curve in the 20pg/ml to 80ug/mL
concentration range. Extracts (Equation 2.4) and QUENCHER (Equation 2.5) calibration curve
equations:

x)=0. x+0. : R=0. ; (EQ. 2.
(x)=0.0115x+0.034 2=0.9991 (Eq. 2.4)

£(x)=0.012x+0.0147; R2=0.9999; (Eq. 2.5)
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TPC was expressed in an mg of gallic acid equivalents (GAE) per g of extract or DW of the material.
All analysis was performed in six replicates.

2.6.2. ABTS™ cation radical assay

The ABTS™ cation radical assay was adapted from Re et al. with some modifications[3]. The
phosphate-buffer saline (PBS; 75 mmol/L, pH 7.4) was prepared by dissolving 8.18 g NaCl, 1.42 g
Na2HPO4, 0.27 g KH2PO4, 0.15 g KCL in 1 L distilled water. The ABTS™" radical solution was
prepared by reacting 50 mL of ABTS™ (2 mmol/L PBS) and 200 L K>S,0s (70 mmol/L) and left for
15-16 hours in the dark at 25 °C before use. Afterward, the working solution was prepared by diluting
ABTS™" radical solution with PBS to obtain 0.700 (+£0.01) AU at 734 nm. 1500 L of ABTS"" solution
was mixed with 25u L of P. tricornutum SLE and SFE-CO; extracts or MeOH (blank) in an
Eppendorf vial and left for 2 hours in the dark at 25 °C.

QUENCHER. For SLE and SFE-CO: solid residues quencher analysis, 10 mg of sample or cellulose
(blank) was mixed with 1500uL of ABTS™ solution and 25 puL. MeOH, vortexed for 15 s, shaken at
250 rpm for 2 hours in the dark at 25 °C, centrifuged at 4500 rpm 5 min. Absorbance was measured
at 734 nmwith Spectronic Genesys 8 spectrophotometer (Thermo Spectronic, Rochester, NY). Trolox
solutions (25uL) at various concentrations (0-1500 mmol/L) were used to obtain the calibration curve.
The following extracts (Equation 2.6) and QUENCHER (Equation 2.7) calibration curve equations
were obtained:

£(x)=0.058x-0.4155; R2=0.9978; (Eq. 2.6)
£(x)=0.0545x +3.6261; R?=0.9945; (Eq. 2.7)

TEAC of samples was calculated through dose-response curves for Trolox. Results were expressed
as TEAC values are expressed in mg of Trolox per g of extract or DW of plant material. All analysis
was performed in six replicates.

2.6.3. DPPH-" radical scavenging assay

DPPH" radical scavenging assay method was adapted from Brand-Williams et al. with some
modifications[94]. The working solution was prepared by mixing 1000 L DPPH" methanolic solution
(~ 89.7 mol/L, final absorption 0.800 = 0.1 AU at 517 nm) and 500u L of SLE extracts or MeOH
(blank). The mixtures were kept for 2 hours in the dark at 25 °C.

QUENCHER. For initial biomass material, SLE residues and SFE-CO2 quencher analysis 10 mg of
sample or cellulose (blank) was mixed with 500 L MeOH and 1000 L 89.7 mol/L DPPH" methanolic
solution, vortexed for 15 s, shaken at 250 rpm for 2 hours in the dark at 25 °C, centrifuged at 4500
rpm 5 min. The absorbance of all the samples was measured at 517 nm with Spectronic Genesys 8
spectrophotometer (Thermo Spectronic, Rochester, NY, USA). Trolox solutions (500 L) in various
concentrations (0-50 mol/L MeOH) were used to obtain the calibration curve. Extracts (Equation
2.8) and QUENCHER (Equation 2.9) calibration curves equitation:

x)=1. x+0. : R=0. ; (EQ. 2.
(x)=1.5798x+0.0986 2=0.986 (Eq. 2.8)

F(x)=1.4312x—1.6651; R?=0.9979; (Eq. 2.9)
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TEAC of samples was calculated using dose-response curves for Trolox. Results were expressed as
TEAC values in mg of Trolox per g of extract or DW plant material. All analysis was performed in
six replicates.

2.7. Chemical characterization of P. tricornutum
2.7.1. Chemical characterization of carotenoids by HPLC- DAD

The carotenoid profile of P. tricornutum extracts was determined by HPLC-DAD (high-performance
liquid chromatography with diode-array detector) according to a method previously described[21].
HPLC analyses of the extracts were conducted using an Agilent 1200 series liquid chromatograph
(Santa Clara, CA, USA) equipped with a diode-array detector. Reversed-phase column was Agilent,
Eclipse Plus C18 (5.0 um; 3.0 x 250 mm), the detection was performed at 440 and 460 nm, spectra
recorded in the range of 350 to 600 nm. Mobile phase: A - acetone: water (75: 25, v/v) and B -
acetone: methanol (75: 25, v/v): 0-25% B to 10 min, then up to 100% B to 35 min, 100% B to 45
min, 0% B to 65 min, post-time 15 min. The flow was 1.5 ml/min, and the column temperature was
30 °C, with an injection volume of 10 ul. For the calibration curve, six different concentrations of
fucoxanthin in ethanol, ranging from 0.005 to 0.05 mg/mL, were analyzed using the HPLC-DAD
instrument.

2.7.2. Analysis of fatty acid composition by means of GC-FID

Fatty acid methyl esters were prepared from three non-polar extracts (Soxhlet, SFE-CO> and PLE-
acetone) using a method based on 14% boron trifluoride/methanol solution, as recommended method
for this type of substrates[64].

Based on the Park and Goins method[113], the lipid extraction was omitted and in situ
transesterification (ISTE) was performed by heating lipid-containing samples at 90 °C for 10 min
after adding 0.5 N NaOH in methanol for methanolysis and continued heating another 10 min for
further methylation after adding 14% BFs in methanol. Nitrogen gas was used for drying and
removing solvents from fatty acid methyl esters. Obtained samples were analyzed by a GC Agilent
7890A system with FID, auto-injection module for liquid, equipped with fused silica capillary column
(SP-2560, 100 m x 0.25mm, 1.D., 0.20 um). Helium was used as a carrier gas (purity > 99.9997 vol
%, flow rate = 1.26 ml/min). The fatty acids peaks were identified by comparison of retention times
with retention times of standards from Supelco 37 component FAMES mix and with data from an
internal data library, based on previous experiments. Results were expressed as a percentage of the
total GC-FID peak area.

2.7.3. Evaluation of the antimicrobial activity of extracts using the disc-diffusion assay and
determination of minimal inhibitory concentration (MIC)

P. tricornutum extracts after SFE-CO2, two-step PLE (acetone, ethanol) and SLE (hexane, acetone,
ethanol, water) in duplicates were evaluated for their antimicrobial effects against eight pathogenic
bacteria (B. cereus, S. aureus, L. monocytogenes, E. coli, Salmonella spp, E. faecalis, P. aeruginosa
and fungus Aspergillus niger). Bacteria were streaked onto Lysogeny broth (LB) agar plates, which
were subsequently incubated at 28 °C for 24 h. The bacterial solution was uniformly spread onto the
LB agar plates using sterile glass beads. 7mm GF/F filters (Whatman, Maidstone, United Kingdom)
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were put onto the LB agar plates seeded with the bacteria. 30 pL of each extract, with a concentration
of Img/mL (MeOH), were pipetted onto the filters with an equivalent volume of methanol (and water
for SLE-water extract) as a negative control. After 24 h of incubation at 28 °C, the diameters of
inhibition zone were evaluated, and extracts that showed antimicrobial activity were selected for MIC
analysis.

Control

A B C D E F G H I J]K L

Extract 1
5 (] Antibiotic
S TOOO00O00QQRQ[[r=wer
Extract 2 —
4 ’O Methanol +
inoculated broth
Extract 3 S OOOOOOOOO
: OO
Extract 4 7 O O O O
1110/0/0/0/0/0)0)0)0)0.0]0))
Figure 2.1. Scheme of microdilution plate
100p1 100p1 100p1 100p1 100p1 100u1 100u1
200ul of 100 100ul 100ul 100ul 100ul 100ul 100ul
bacteria + ul
20 pl of
extract
1350pg,/ml &675ug/ml 337.5pg/ml 168.75ug/ml B4.37pg/ml  42.18pg/ml  21.9ug/ml 10.95ug,/ml

Figure 2.2. Order of dilution

Microdilution method. In the first column (A) 200 pL of each bacterium were added, and to all other
columns (B-J) 100 pL of bacteria were added. After, 20 pL of each extract was added to column 1
(A). A series of double dilutions by mixing 100 puL from row A to row B, from row B to row C, etc.
were made. Finally, excessivel00 pL from the last row E was removed. For the control, 100 pL of
non-inoculated broth was added to row 1 of fields K and L. In row 2 100 pL of antibiotic + 100 pL
of inoculated broth was added. 100 uL of inoculated broth was added to row 3 (to evaluate growth
control without extract). To the row 1, 100 pL of agar broth was added to the appropriate places for
the negative control, and 100 pL of bacteria + 10 uL of methanol were added for solvent control.
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2.8. Statistical analysis

GraphPad Prism 8 software was used for a one-way analysis of variance (ANOVA), followed by the
Tukey’s test in order to compare mean values and their significance (p-value < 0.05). Microsoft Excel
2016 was used for calculating mean values and standard deviations.
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3. RESULTS AND DISCUSSION
3.1. Chemical composition

During the first step of the research chemical composition of microalgae, P. tricornutum was
determined. The results are presented in Table 3.1. The protein content was 43.54%. Obtained protein
content was in the range with results reported by German-Baez et al., where protein content was
determined to be 37%[45]. Oil content in the biomass was 10.1% using Soxhlet extraction with
hexane, which was in range with literature data. Ryckebosch et al. have reported the oil content in P.
tricornutum to be 17.8%[128], while there are additional studies that defined total oil content in
freeze-dried biomass to be up to 44.8%, depending on the cultivation conditions and extraction
method[8]. Biomass ash content was 8.16%, which is almost half lower than reported average data of
14-15% in the researches available[8], [45], [137]. Residual moisture was found to be 3.97%, which
is in the range with the only recent research, where the water content in P. tricornutum was evaluated
and amounted to be 2.9%[8].

Table 3.1. Chemical composition of P. tricornutum

Compounds Values (%)
Protein content 43.54 +0.34
Qil content 10.1 £0.13
Ash content 8.16 £ 0.042
Water content 3.97+0.16

*values are expressed as mean + standard deviation (n = 3)

3.2. Conventional extraction techniques. Solid-liquid extraction (SLE).

Conventional stepwise solid-liquid extraction was performed in order to evaluate the influence of
four different polarity solvents on the extraction yield under the same conditions (temperature and
extraction time). The results are presented in Figure 3.1. Obtained results allow concluding that
type of solvent has a crucial impact on the extraction yield of P. tricornutum biomass. The highest
extraction yield was obtained using water as a solvent, followed by ethanol, while acetone showed
the lowest yield.

SLE extraction yields of P. tricornutum.
18.05+0.89°

SLE-H20 I
SLE-ET I 1 13.3+1.06°
SLE-AC [ 1 6.7+0.252
SLE-HEX [ 1 8.18+0.32°
0 5 10 15 20

Yield (%)

Figure 3.1. SLE extraction yields of P. tricornutum (values are expressed as mean * standard deviation n =
3). Different lowercase superscript letters indicate significant differences within the same row at p < 0.05
(ANOVA, p <0.05). SLE-HEX — solid liquid extraction with hexane, SLE-AC — solid liquid extraction with
acetone SLE-ET — solid liquid extraction with ethanol SLE-H.O — solid liquid extraction with water
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In the study of Ryckebosch et al. influence of different solvents on the SLE extraction yield of P.
tricornutum free-dried biomass was investigated[128]. Hexane has shown the lowest yield
compared to hexane/isopropanol or more polar chloroform/methanol mixtures; hexane yield was
6%, which is lower compared to the results obtained in the present study. During Soxhlet
extraction, the total lipophilic yield was 10.1%; however, in this case, the temperature should be
considered as a factor that enhances extraction. During Soxhlet extraction, the temperature was
~60°C, while during SLE, it was 40°C. Overall, non-polar lipid compounds and lipophilic,
insoluble in water carotenoids are definitely extracted better using non-polar solvents such as
hexane or semi-polar acetone. At the same time, P. tricornutum shows a significant amount of
polar compounds probably polysaccharides, proteins and carotenoids. These types of compounds
were extracted better with polar solvents such as ethanol and water.

3.3. High-pressure extraction techniques: Optimization of SFE-CO:

Supercritical carbon dioxide extraction was applied to P. tricornutum freeze-dried biomass in order
to obtain fucoxanthin-rich fractions. As raw biomass contains about 10.1% of oil (Table 3.1) and
SFE-CO2 have demonstrated high selectivity in extracting non-polar compounds such as fatty acids
and carotenoids[80], [125], current extraction method has been chosen for optimization of non-polar
compounds recovery from P. tricornutum.

Ethanol as co-solvent was applied, as during several extractions without ethanol amount of yield
was not higher than 3.6%, which is 3-4 times lower compared to co-solvent assisted extraction (data
is shown in Table 3.2). P. tricornutum contains mostly xanthophyll carotenoid fucoxanthin, which
has low solubility in very non-polar carbon dioxide. Ethanol helps to increase carotenoid solubility
by swelling microalgae cell-matrix and forming hydrogen bonds with carotenoids that contain
hydroxyl as their functional group. The same tendency was reported several times in the literature,
where co-solvent assisted SFE-CO, was applied to microalgae extraction, such as Scenedesmus sp.,
Synechococcus sp., Haematococcus pluvialis, and Chlorella vulgaris[20], [80], [99].

Table 3.2. Total oil yield during SFE-CO; extraction of P. tricornutum biomass without applying the co-
solvent

Conditions (temperature/pressure) Total oil yield (g/100 g DW)
30°C/150 bars 2.76+0.30°
50°C/450 bars 3.24+0.23*
70°C/500 bars 3.63+0.172

*values are expressed as mean * standard deviation (n = 2). Different lowercase superscript letters indicate significant
differences within the same column at p < 0.05 (ANOVA, p < 0.05)

For optimization of extraction parameters, Response Surface Methodology (RSM) and Central
Composite Design (CCD) were used. The three independent optimization parameters were the
temperature (30—70°C), pressure (150450 bars), and the amount of ethanol as a co-solvent (5-10%).
Yield, total carotenoid content and fucoxanthin content were three independent response factors.

38



During the optimization of the process and maximizing extraction yield, time remained constant (90
min), as during several trial extractions runs it has been proven that during 180 min extraction time
amount of yield stops to change significantly after 60 min (Figure 3.2). The extraction initially goes
faster, as the extract moves from solid particles to the surface before being dissolved in the
supercritical fluid. When the extract concentration at the surface of the material drops to zero, the

thermodynamic equilibrium is reached and the total yield achieves its maximum[38].

Figure 3.2. Kinetics of change in yield as a function of extraction time (300 bars, 50°C, 7.5% EtOH)

Yield (%)

Dependence of yield on extraction time

20

40

60

80

100

Extraction time (min)

120 140

Table 3.3. presents SFE-CO2 extract yields (g/100 g DW), total carotenoid content (mg/g extract),
and fucoxanthin content (mg/g extract) of extracted P. tricornutum biomass. Overall, the yield
obtained ranged from 4.8 to 11.7% with the maximum value (11.7%) under 450 bars, 70°C and 10%
of ethanol as co-solvent. Total carotenoid content ranged from 14 to 40 mg/g extract with the
maximum amount obtained under 450 bars, 30°C and 10% of co-solvent. In order to determine the
model adequacy for both yield and total carotenoid content, predicted and actual values were

compared (Figure 3.4, 3.6).

Table 3.3. Central composite design matrix for SFE-CO2 optimization for P. tricornutum biomass and
values of observed responses: SFE-CO2 extract yields (g/100 g DW), total carotenoid content (mg/g extract)
and fucoxanthin content (mg/g extract)

Pressure
Run (bar)
1 300
2 450
3 450
4 150
5 450
6 150
7 150
8 300

(°C)

50

70

30

50

50

70

30

50

Temperature

(%)

7.5

5

10

7.5

7.5

5

10

7.5

Co-solvent

Yield™

(g/ 100 g
DW)
9.02+0.12
7.70+0.07
10.64+0.56
6.64+0.56
9.81+0.19
5.62+0.03
6.89+0.12

9.11+0.53

Total carotenoid
content™

(mg B-carotene/g
extract)
33.31+0.08
28.91+0
40.60%0.25
16.62+0.13
38.56+0.13
15.48+0.04
17.34+0.08

34.25+0.16

Fucoxanthin

content

(mg/g extract)

32.36

19.84

48.00

10.11

20.98

9.00

25.72

32.36
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Pressure Temperature  Co-solvent Yield™ Total carotenoid Fucoxanthin

content™ content
9 450 70 10 11.73x0.75 34.73+0.25 22.54
10 300 30 7.5 9.19+0.34 36.88+0.17 49.77
11 150 70 10 8.41+£0.52 14.64%0 9.13
12 450 30 5 8.61+0.33 32.81+0.04 28.66
13 300 70 7.5 9.84+0.28 32.51+0.18 39.15
14 150 30 5 4.88+0.29 16.60+0.04 16.03
15 300 50 7.5 9.47+0.31 34.73+£0.09 38.02
16 300 50 5 7.42+0.07 26.21+0.17 25.76
17 300 50 10 10.9+0.57 31.49+0.17 41.30
18 300 50 7.5 9.22+0.70 35.25+0.21 34.20
Optimal 395 30 9.2 9.80+0.22 35.14+2.45 47.70

conditions
“optimal conditions were suggested by Design-Expert 7.0 software
“data is given as mean + standard deviation (n = 2)

. Total oil yield

Figure 3.3 shows the effects of independent variables (temperature, pressure, and co-solvent) on
SFE-CO2 extract yields (g/100 g DW) from P. tricornutum biomass. In general, the greatest impact
on both yield and total carotenoid content had pressure, followed by the amount of co-solvent used.
The obtained yield was in a range with that reported previously in the literature (14.7%), where SFE-
CO; extraction of P. tricornutum was run under 40°C, and 300 bar, flow rate of CO2 was 9mL/min™*
and extraction time was 2 hours[39]. Overall, actual values of yield (9.80%) were in good relation
with predicted ones (9.69%) as well as obtained values were close to 45° line, which indicates good
points distribution and confirms that the model fits well.

The regression equation obtained using CCD for yield (Equation 3.1).

Yield, % =929+161*A+032*B+144*C-027T*A*B+014*A*C+034*B
*C-1.15* A+ 0.14 * B*- 0.22 * C?, (Eq. 3.1),

where A — pressure; B — temperature; C — co-solvent.
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A: Effect of temperature and pressure at constant co-solvent, %. B: Effect of co-solvent and pressure at a constant temperature
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Figure 3 3. Response surface 3D and 2D plots showing the effects of independent variables (temperature, pressure, and co-solvent) on SFE-CO2 extract yields (g/100
g DW) from P. tricornutum biomass (A: effect of temperature and pressure at a constant time; B: effect of co-solvent and pressure at constant temperature: C: effect of
co-solvent and temperature at constant pressure

41



Analysis of variance (ANOVA) of the regression parameters for the response surface quadratic model
for SFE-CO for extract yield (g/100 g) is presented in Table 3.4. The model was evaluated on the
basis of the statistical significance of each effect on the response by comparing an estimate of the
experimental error with the mean square. In the current report, five effects have statistically
significant values (p < 0.05). It can be concluded from the data that pressure and co-solvent had the
most significant effect on the extraction yield, while temperature had the least significant effect. The
R-squared of 98.8% shows that the model explains 98.8% of the extraction yield variability, and the
predicted R-Squared of 87.3% is in reasonable agreement with the adjusted R-Squared of 97.6%. The
Model F-value of 79.03 implies the model is significant, as there is only a 0.01% chance that a "Model
F-value"” this large could occur due to noise. An adequate precision ratio of 32.252 indicates an
adequate signal, so the model can be used to navigate the design space.

Table 3.4. Analysis of variance of the regression parameters for response surface quadratic model for SFE-
CO- optimization for P. tricornutum biomass (Response factor: SFE-CO; extract yield, g/100 g)

Source Sum of squares df Mean square F value p-value
Model 55.65 9 6.18 79.03 < 0.0001*
Pressure (P, bars) 25.82 1 25.82 330.09 < 0.0001*
Temperature (T, °C) 1 1 1 12.84 0.0071
Co-Solvent (C, %) 20.68 1 20.68 264.31 < 0.0001*
PT 0.56 1 0.56 7.18 0.0279
PC 0.15 1 0.15 1.93 0.2019
TC 0.92 1 0.92 11.82 0.0088*
p2 3.6 1 3.6 45.99 0.0001*
T? 0.051 1 0.051 0.66 0.4414
c? 0.13 1 0.13 1.64 0.2366
Residual 0.63 8 0.078

Lack of Fit 0.51 5 0.1 2.7 0.2213**
Pure Error 0.11 3 0.038

Total 56.27 17

*: significant; **: not significant; df: degree of freedom; F: Fisher value.; MS: mean square; RF: response factor; SS: sum
of square.
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Predicted vs. Actual

Fradicted

Figure 3.4. Comparison between predicted and observed SFE-CO2 extract yields (g/100 g DW) from P.
tricornutum biomass

B. Total carotenoid content

Response surface 3D and 2D plots showing the effects of independent variables (temperature,
pressure, and co-solvent) on SFE-CO2 total carotenoid content (mg/g extract) from P. tricornutum
biomass are shown on Figure 3.5. The greatest impact on the total carotenoid content had pressure,
while co-solvent and temperature had almost the same effect. While increasing the pressure and the
amount of co-solvent helped to increase total carotenoid contend in extracts, the temperature had the
opposite effect. The highest amount of carotenoids was obtained under the minimum extraction
temperature of 30°, which most likely happens because carotenoids are thermolabile compounds, as
they can degrade easily in response to heat.

The regression equation obtained using CCD for total carotenoid content (Equation 3.2).

Total carotenoid content, mg/g extract = 33.58 +9.40*A-180*B+194*C-0.75*A*
B+1.75*A*C-050*B*C-597*A%?+1.03*B2-4.27*C? (Eq. 3.2)

where A — pressure; B — temperature; C — co-solvent.

In the only reported study with supercritical extraction used by Feller et al., total carotenoid content
after SFE-CO- extraction of P. tricornutum biomass was much lower — 2.6 mg/g extract weight.
However, only one extraction condition was tested (40°C, 300 bar, CO2 flows rate was 9mL/min*
and extraction time 2 hours), and no co-solvent was used.
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Total carotenoid content
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Figure 3 5. Response surface 3D and 2D plots showing the effects of independent variables (temperature, pressure, and co-solvent) on SFE-CO2 total
carotenoid content (mg/g extract) from P. tricornutum biomass (A: effect of temperature and pressure at a constant time; B: effect of co-solvent and pressure
at constant temperature: C: effect of co-solvent and temperature at constant pressure
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Analysis of variance (ANOVA) of the regression parameters for the response surface quadratic model
for SFE-CO, for total carotenoid content (mg/g DW) is presented in Table 3.5. For the second
response, seven effects had p-values less than 0.05, thus were statistically significant. The R-squared
value shows that the model explains 98.9% of the total carotenoid content variability, and the
predicted R-Squared of 93.7% is in reasonable agreement with the adjusted R-Squared of 97.7%. The
Model F-value of 82.17 implies the model is significant, as well as obtained an adequate Precision
ratio of 27.193 indicates that the model can be used to navigate the design space.

Table 3.5. Analysis of variance of the regression parameters for response surface quadratic model for SFE-
CO2 optimization for P. tricornutum biomass (Response factor: Total carotenoid content, mg/g extract)

Source Sum of squares
Model 1302.71
Pressure (P, bars) 883.6
Temperature (T, °C) 32.4
Co-Solvent (C, %) 37.64
PT 45
PC 24.5
TC 2

p? 96.74
T? 2.85
c? 49.52
Residual 14.09
Lack of Fit 11.72
Pure Error 2.37
Total 1316.81

df

[ S N I o e e e N S )

IR
~

Mean square

144.75
883.6
324
37.64
45
245
2
96.74
2.85
49.52
1.76
2.34
0.79

F value
82.17
501.64
18.39
21.37
2.55
13.91
1.14
54.92
1.62
28.11

2.97

p-value
< 0.0001*
< 0.0001*
0.0027*
0.0017*
0.1486
0.0058*
0.3177
< 0.0001*
0.2393
0.0007*

0.1995**

*: significant; **: not significant; df: degree of freedom; F: Fisher value.; MS: mean square; RF: response factor; SS: sum

of square.
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Predicted vs. Actual

Predicted

Actual

Figure 3.6. Comparison between predicted and observed SFE-CO2 total carotenoid content (mg/g extract)
from P. tricornutum biomass

Figure 3.6 shows that predicted and actual values are close to the 45° line, which indicates good
points distribution and confirms that the model fits well. Real values (35.14 mg/g extract) of optimal
conditions for total carotenoid content were in good relation with predicted ones (35.6 mg/g extract).

C. Fucoxanthin content

Response surface 3D and 2D plots showing the effects of independent variables (temperature,
pressure, and co-solvent) on SFE-CO2 fucoxanthin content (mg/g extract) from P. tricornutum
biomass are shown on Figure 3.7. The greatest impact on the fucoxanthin content had pressure and
temperature, whereas co-solvent had twice less impact. While increasing the amount of co-solvent
helped to increase fucoxanthin content in extracts, gradual increasing the temperature had the
opposite effect. Increasing the pressure had a positive impact on fucoxanthin content but only till a
certain point, as further increasing the pressure above approximately 370 bars resulted in a decline of
fucoxanthin content. The highest amount of fucoxanthin (49.7 mg/g extract) was obtained under the
minimum extraction temperature of 30°, 300 bars, and 7.5 % of EtOH, which is most probably
associated with the combination of low temperature, increased pressure and amount of co-solvent.

The regression equation obtained using CCD for fucoxanthin content (Equation 3.3).

Fucoxanthin content, mg/g extract = 34.62 + 6.92* A-6.83*B +4.60*C-1.49* A*B +
156 * A*C-326*B*C-19.99* A% +9.36 * B? - 1.69 * C?, (Eq. 3.3)

where A — pressure; B — temperature; C — co-solvent.

Although, there is no study on the impact of different SFE conditions on the fucoxanthin content; in
the study by Gilbert-Lopez, PLE and MAE were optimized with a further determination of
fucoxanthin content by HPLC-DAD[48]. Recovery of total fucoxanthin in PLE under optimal
extraction conditions (50 °C, 100% EtOH, 20 min) and MAE under optimal extraction conditions (30
°C, 100% EtOH, 2 min) was 32.29 and 31.6 mg fucoxanthin/g extract respectively. Referent acetone
extraction performed for 24 h in an orbital shaker at the room temperature was 59.47 mg/g extract. In
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the current research, the fucoxanthin content obtained under optimal conditions during SFE-CO2 was
47.7 mg/g extract (predicted variation 4.6%), which is higher than in the results obtained by Gilbert-
Lépez for PLE and MAE (maximum values were 32.29 and 31.6 respectively), that allows concluding
that SFE-CO extraction is more efficient in extracting main carotenoid fucoxanthin compared to PLE
and MAE. This is due to the naturally lipophilic fucoxanthin, which results in its higher solubility in
CO. combined with only CO; or polar solvents themselves[39].

Analysis of variance (ANOVA) of the regression parameters for response surface quadratic model
for SFE-CO; for fucoxanthin content (mg/g extract) from P. tricornutum biomass is presented in
Table 3.6. In the third response seven parameters showed a statistically significant effect (p < 0.05).
The R-squared of 97.3% shows that the model explains 97.3% of the fucoxanthin content variability,
and the predicted R-Squared of 79.6% is in reasonable agreement with the adjusted R-Squared of
94.4%. The Model F-value of 32.91 implies that the model is significant, as well as obtained an
adequate Precision ratio of 19.4 indicates that the model can be used to navigate the design space.

Table 3.6. Analysis of variance of the regression parameters for response surface quadratic model for SFE-
CO- optimization for P. tricornutum biomass (Response factor: Fucoxanthin content, mg/g extract)

Source Sum of squares df Mean square F value p-value
Model 2630.35 9 292.26 32.91 < 0.0001"
Pressure (P, bars) 478.45 1 478.45 53.88 < 0.0001"
Temperature (T, °C) 466.08 1 466.08 52.49 < 0.0001"
Co-Solvent (C, %) 211.88 1 211.88 23.86 0.0012"
PT 17.79 1 17.79 2.00 0.1947
PC 19.44 1 19.44 2.19 0.1773
TC 84.96 1 84.96 9.57 0.0148"
p? 1083.07 1 1083.07 121.97 < 0.0001"
T? 237.26 1 237.26 26.72 0.0009"
o 7.76 1 7.76 0.87 0.3771
Residual 71.04 8 8.88

Lack of Fit 49.23 5 9.85 1.35 0.4272™
Pure Error 21.81 3 7.27

Total 2701.39 17

*: significant; **: not significant; df: degree of freedom; F: Fisher value.; MS: mean square; RF: response factor; SS: sum
of square.
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A: Effect of temperature and pressure at constant co-solvent, %
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Figure 3.7. Response surface 3D and 2D plots showing the effects of independent variables (temperature, pressure, and co-solvent) on SFE-CO2 fucoxanthin
content (mg/g extract) from P. tricornutum biomass (A: effect of temperature and pressure at a constant time; B: effect of co-solvent and pressure at constant
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Predicted vs. Actual

Predicted

Actual

Figure 3.8. Comparison between predicted and observed SFE-CO2 fucoxanthin content (mg/ g extract) from P.
tricornutum biomass

Figure 3.8 shows that predicted and actual values indicate good points distribution and confirm that the
model fits well. Real values (47.7 mg fucoxanthin/g extract) of optimal conditions for total carotenoid
content were in good relation with predicted ones (50 mg fucoxanthin/g extract).

3.3.1 Validation of the predictive model of multiple response optimization for SFE-CO-

In order to validate the optimization conditions obtained by RSM, experiments under optimal conditions
in duplicate were carried out, and the results are shown in Table 3.7. Multiple response optimization was
performed to maximize the total oil yield and total carotenoid content, to extract the maximum amount
of fucoxanthin. All response variables were considered equally important. The optimum conditions
proposed by the model were 395 bars pressure, 30°C temperature, and 9.2% of EtOH as a co-solvent.

Table 3.7. Validation results of SFE-CO, optimal conditions. Predicted and actual values of extraction

Parameter under optimal conditions Predicted Actual Variation, %
(395 bars, 30°C, 9.2% EtOH)

Yield, g/100 g DW 9.69 9.80+0.22 -1.18
Total carotenoid content, mg/g extract 35.6 35.14+2.45 +1.28
Fucoxanthin content, mg/g extract 50.0 47.70 +4.60

“values are expressed as mean + standard deviation (n = 2)

In all three responses, the variation between predicted and actual values was less than 5%, which indicates
the good validity of the suggested models. Both values for total carotenoid content and fucoxanthin
content were lower than predicted, with fucoxanthin content having the highest variation of 4.6%. The
actual total oil yield values were higher than the predicted ones.
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Overall, current optimization shows that these regression equation model can be used to optimize oil,
total carotenoid and fucoxanthin extraction by SFE-CO2 from freeze-dried P. tricornutum biomass.
Based on ANOVA 's assessment of the total carotenoid content and fucoxanthin, the pressure was found
to be the most important parameter of all the extraction parameters, followed by the temperature; whereas
the amount of co-solvent was the least important factor. At the same time, the pressure was also the main
factor for the total oil yield, the amount of co-solvent was the second crucial parameter for the efficient
extraction process and the temperature had the lowest impact.

3.4. High-pressure extraction techniques. Optimization of Pressurized liquid extraction (PLE)

The PLE optimization was performed on SFE-CO- residues of P. tricornutum biomass extracted under
optimal conditions, as described in section 3.3. As stepwise solid-liquid extraction has shown that only
a part of antioxidant-rich fractions has been removed after using non-polar solvent, a similar approach
was followed for the sequential high-pressure extraction. Towards this end, a sequential PLE extraction
with acetone followed by ethanol was performed on the residues after SFE, aiming to extract the
maximum of active polar substances. Multiple studies have shown that P. tricornutum contains
significant amounts of polar compounds such as polysaccharides and proteins that are better extracted
using more polar solvents. In contrast, phenolic compounds and carotenoids (which are mostly related to
the antioxidant capacity) are often extracted with pure ethanol[14], [29], [45], [102]. Central Composite
Design (CCD) and Response Surface Methodology (RSM) were applied to study the effect of two
parameters extraction time (15 to 45 min) and temperature (40-100°C) on the optimization process.
Yield, total carotenoid content and total phenolic content were chosen as three independent response
factors. In PLE optimization in contrary to SLE, only acetone and ethanol were chosen as solvents with
gradually increasing polarity, excluding water. This was done because during several trial extraction runs
on the last step of PLE extraction with water, biomass had formed sticky gel and could not pass through
the system filter.

3.4.1. PLE-acetone optimization of P. tricornutum SFE-CO2 residue

Three independent responses (total yield, total carotenoid content and TPC) were evaluated by the impact
of temperature and pressure on them. Table 3.8. presents PLE extract yields (g/100 g DW), total
carotenoid content (mg/g extract), and total phenolic content (mg GAE/g DW) of P. tricornutum biomass
residues after SFE-CO.. Overall, the yield obtained ranged from 4.8 to 10.65% with the maximum yield
obtained under 100°C and 45 min of extraction time. Total carotenoid content ranged from 8.4 to 17.92
mg/g extract with the maximum amount obtained under 40°C and 45 min of extraction time. Total
phenolic content varied from 2.2 to 9.7 mg GAE/g DW with the maximum amount obtained under 100°C
and 15 min of extraction time. In order to determine the model adequacy for all responses, predicted and
actual values were compared (Figure 3.10, 3.12, 3.14). As a result, optimum conditions were suggested
to be 61°C and 39 min of extraction time.
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Table 3.8. Central composite design matrix for PLE-acetone optimization for P. tricornutum SFE-CO; residual
biomass and values of observed responses: PLE extract yields (g/100 g DW), total carotenoid content (mg/g DW)
and total phenolic content (mg GAE/g DW)

Run Temperature Time Yield Total carotenoid  Total phenolic content
content
(°C) (min) (o/ 100 g (mg/g extract) (mg GAE/g DW)
DW)

1 40 45 3.83 17.92 3.38

2 70 30 8.43 10.32 5.97

3 40 15 441 11.47 3.12

4 100 15 9.29 19.81 9.76

5 70 30 8.44 10.41 4.25

6 100 30 9.40 14.30 7.66

7 70 30 8.01 10.04 4.48

8 40 30 4.32 11.36 2.41

9 70 30 8.98 8.40 5.19

10 70 15 8.01 13.89 6.41

11 100 45 10.65 11.72 8.68

12 70 45 7.72 12.77 5.82
Optimal 61 39 7.60 10.9 4.68
conditions

*optimal conditions were suggested by Design-Expert 7.0 software

. Effect of time and temperature on the PLE extraction yield of P. tricornutum SFE-CO; residue

The highest PLE extraction yield (10.65 ¢g/100g DW) was obtained under the maximum tested
temperature and extraction time, 100°C and 45 min whereas, the lowest (3.8 g/100g DW) under 40°C
and 45 min. At the central point (70°C and 30 min), yield ranged from 8.4 to 8.98 g/100g DW. Extraction
time had a minor effect as with constant temperature and different extraction time changes in yield were
not significant. Overall, the yield was positively influenced by the temperature, which can be explained
by more efficient mass transfer, reduction in solvent viscosity, which results in better matrix penetration,
and increased solubility of compounds[1]. In the work of Gilbert-Lopez et al., PLE optimization for
freeze-dried P. tricornutum biomass has also shown higher yields under increased temperature (ranged
from 50 to 170°C). Moreover, the highest extraction yield (57.84%) was obtained with a mixture of water:
ethanol (50:50) than with the pure solvent[48].

Figure 3.9. shows the effects of independent variables (temperature and extraction time) on PLE extract
yields (g/100 g DW) from P. tricornutum SFE-CO residues.

The regression equation obtained using CCD for yield (Equation 3.4).
Yield, % =833 +279*A+0.090 *B+051* A*B - 1.22* A2 0.22 * B, (Eq. 3.4),

where A — temperature; B — time.
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The temperature turned out to be the most significant independent variable in the evaluated central
composite design for PLE acetone optimization for P. tricornutum residual biomass after SFE-CO>
optimal conditions (extraction yield, g/100 g DW) (Table 3.9). It means that the extraction temperature
had a substantially greater impact on the yield compared to extraction time. ANOVA showed that the
model is significant according to the Student test (p<0.05), while the lack of fit is not significant. The R-
squared of 97.7% shows that the model explains adequately the yield variability, and the predicted R-
Squared of 86.9% is in reasonable agreement with the adjusted R-Squared of 95.8%. An adequate
precision of 20.7 indicates an adequate signal of the model. Thus, it can be used to navigate through the
design space.

Table 3.9. Analysis of variance of the regression parameters for response surface quadratic model for PLE
optimization for P. tricornutum residual biomass after SFE-CO; optimal conditions (Response factor: Extraction
yield, g/100 g DW)

Source Sum of squares df Mean square F value p-value
Model 53.03 5 10.61 52.15 < 0.0001"
A-Temperature 46.76 1 46.76 229.93 < 0.0001"
B-Time 0.049 1 0.049 0.24 0.6423
AB 1.05 1 1.05 5.17 0.0634
A? 3.99 1 3.99 19.64 0.0044"
B2 0.13 1 0.13 0.63 0.4585
Residual 1.22 6 0.20

Lack of Fit 0.74 3 0.25 1.56 0.3625™
Pure Error 0.48 3 0.16

Total 54.25 11

*: significant; **: not significant; df: degree of freedom; F: Fisher value.; MS: mean square; RF: response factor; SS: sum of
square.
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Figure 3.9. Response surface 3D and 2D plots showing the effects of independent variables (temperature and
extraction time) on PLE extract yield (g/100 g DW) from P. tricornutum biomass
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Figure 3.10. Comparison between predicted and observed PLE extraction yield, (g/100 g DW) from P.
tricornutum biomass SFE-CO; residues

Predicted and actual values are shown in Figure 3.10. Predicted and actual values are close to the 45°
line. Real values (7.6 mg g/100g DW) under optimal conditions for total yield are in good relation with

predicted ones (7.26 mg g/100g DW). Thus, it shows a normal distribution and confirms that the model
is a perfect fit.
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B. Effect of time and temperature on the PLE total carotenoid content of P. tricornutum SFE-CO;
residue

Total carotenoid content values of PLE ranged between 8.4 to 19.8 mg/g extract. The highest value (19.8
mg/g extract) was obtained under 100°C and 15 min extraction time, while the lowest (8.4mg/g extract)
was obtained under 70°C and 30 min. Values at the central points were around 10 mg/g extract. Overall,
the temperature had a positive effect on the total carotenoid content, while increasing extraction time at
the constant temperature has resulted in a decreased amount of carotenoids. This could be explained by
the thermolabile nature of carotenoids and other polar substances well extracted by acetone. While
increased temperature results in better solubility and fast mass transfer, prolonged extraction time causes
carotenoid degradation[102]. A similar tendency was observed in recent works, where P. tricornutum
and P. cruentum were undergoing PLE extraction in order to evaluate them as potential carotenoid
sources[44], [47]. In both cases, total carotenoid content increased with temperature until a certain point;
meanwhile, further elevation of temperature (150°C and above) and extraction time caused a decline in
carotenoid content. However, data comparison on carotenoid content with other studies must be made
with caution, as composition and carotenoid content of different microalgae species could be greatly
influenced by cultivation conditions such as light and oxygen intensity and nutrient availability[49].

Figure 3.11. shows the effects of independent variables (temperature and extraction time) on PLE total
carotenoid content (mg/g extract) from P. tricornutum SFE-CO- residues.

The regression equation obtained using CCD for total carotenoid content (Equation 3.5).

Carotenoid content, mg/g extract = 9.98 + 0.84*A — 0.46*B —3.63 *A * B + 2.47 * A2+ 2.97 * B,
(Eq. 3.5),

where A — temperature; B — time.

Analysis of variance (ANOVA) of the regression parameters for response surface quadratic model for
PLE optimization for P. tricornutum residual biomass after SFE-CO_ optimal conditions (total carotenoid
content, mg/g extract) is presented in the Table 3.10. For this response, four effects had P-values less
than 0.05, indicating their significance. The R-squared shows that the developed model can explain
96.1% of the total carotenoid content variability, and the predicted R-Squared is in reasonable agreement
with the adjusted R-Squared (81.5% and 92.9% respectively). The Model F-value of 29.85 indicates that
the model is significant, as well as the obtained Precision ratio of 16.5 indicates an adequate signal and
that the current model can be used to navigate the design space.

Table 3.10. Analysis of variance of the regression parameters for response surface quadratic model for PLE
optimization for P. tricornutum residual biomass after SFE-CO- optimal conditions (Response factor: Total
carotenoid content, mg/g extract)

Source Sum of squares df Mean square F value p-value
Model 117.65 5 23.53 29.85 0.0004"
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Source Sum of squares df Mean square F value p-value

A-Temperature 4.28 1 4.28 5.44 0.0585

B-Time 1.26 1 1.26 1.60 0.2529

AB 52.78 1 52.78 66.96 0.0002"
A? 16.24 1 16.24 20.60 0.0039"
B2 23.48 1 23.48 29.79 0.0016"
Residual 4.73 6 0.79

Lack of Fit 2.07 3 0.69 0.78 0.5793™
Pure Error 2.66 3 0.89

Total 122.38 11

*: significant; **: not significant; df: degree of freedom; F: Fisher value.; MS: mean square; RF: response factor; SS: sum of
square.
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Figure 3.11. Response surface 3D and 2D plots showing the effects of independent variables (temperature and
extraction time) on PLE total carotenoid content (mg/g extract) from P. tricornutum residual biomass

As the main target of the PLE optimization was maximizing all parameters, the model suggested optimal
conditions were 61°C and 39 min extraction time. Under optimal conditions, the obtained value for total
carotenoid content was 10.9 mg/g extract. Predicted and actual values can be seen in Figure 3.12.
Predicted and actual figures showed good distribution along 45° line, which confirms that the model fits
well. Optimal conditions actual values (10.9 mg/g extract) for total carotenoid content were in reasonable
relation with predicted values (11.41 mg g/ extract).
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Figure 3.12. Comparison between predicted and observed PLE total carotenoid content (mg/g extract) from P.
tricornutum biomass SFE-CO; residues

C. Effect of time and temperature on the PLE-acetone total phenolic content of P. tricornutum SFE-
CO: residue
As it is known, carotenoids can contribute significantly to antioxidant capacity in microalgal biomass. It
was proven in several studies that both total carotenoid and total phenolic content contribute significantly
to the antioxidant properties of extracts[41], [60], [81]. The highest TPC content (9.7 mg GAE/g DW)
was observed under the same conditions as the highest carotenoid content — 100°C and 15 min extraction
time. The lowest TPC content was found to be under 40°C and 30 min. In general, the temperature had
the maximum positive effect on phenolic content, while time did not affect substantially. In the study of
Gilbert-Lopez et al., TPC during optimization of PLE for P. tricornutum biomass was dependent on the
solvent composition. Ethanol: water mixtures, as well as pure solvents, were used. The program
suggested optimum conditions to maximize TPC were 100% EtOH at 50 °C[47]. In the current research,
TPC content under optimal conditions (61°C and 39 min) was 4.68 mg GAE/g DW, which was in range
with data obtained in the literature, considering that part of active antioxidant compounds, including
carotenoids, were removed during the previous step of SFE-CO-. The total phenolic content of the PLE
extracts is expressed as milligrams of gallic acid equivalents per gram dry weight. According to ANOVA,
one effect, the quadratic variable of temperature, had a p-value <0.05.

The results from CCD can be used to compose the second-order polynomial model equation (Equation
3.6).

Carotenoid content, mg/g extract = 9.98 + 0.84*A — 0.46*B — 3.63 *A * B + 2.47 * A2+ 2.97 * B?,
(Eq. 3.6),

where A — temperature; B — time.
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Figure 3.13. shows the effects of independent variables (temperature and extraction time) on PLE total
phenolic content (mg GAE/g DW) from P. tricornutum SFE-CO- residues.

Analysis of variance (ANOVA) of the regression parameters for response surface quadratic model for
PLE optimization for P. tricornutum residual biomass after SFE-CO, optimal conditions (total phenolic
content mg GAE/g DW) is presented in the Table 3.11. For the response, three effects had p-values less
than 0.05. An adequate precision of 18.2 indicates an adequate signal of the model and that it can be used
to navigate through the design space. The Model F-value of 32.53 indicates that the model is significant.

Table 3.11. Analysis of variance of the regression parameters for response surface quadratic model for PLE
optimization for P. tricornutum residual biomass after SFE-CO; optimal conditions (Response factor: Total
phenolic content mg GAE/g DW)

Source Sum of squares df Mean square F value p-value
Model 54.39 5 10.88 32.53 0.0003"
A-Temperature 49.28 1 49.28 147.35 < 0.0001"
B-Time 0.33 1 0.33 0.99 0.3592
AB 0.45 1 0.45 1.34 0.2911
A? 0.021 1 0.021 0.064 0.8093
B? 3.65 1 3.65 10.92 0.0163"
Residual 2.01 6 0.33

Lack of Fit 0.19 3 0.063 0.10 0.9519™
Pure Error 1.82 3 0.61

Total 56.40 11

*: significant; **: not significant; df: degree of freedom; F: Fisher value.; MS: mean square; RF: response factor; SS: sum of
square. TPC
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Figure 3.13. Response surface 3D and 2D plots showing the effects of independent variables (temperature
and extraction time) on PLE total carotenoid content (mg/g extract) from P. tricornutum residual biomass
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Figure 3.14. Comparison between predicted and observed PLE total phenolic content (mg GAE/g DW) from P.
tricornutum biomass SFE-CO2 residues

Predicted and actual values for total phenolic content can be seen in Figure 3.14. Both values are close
to the 45° line, which indicates good points distribution and confirms that the model fits well. TPC actual
values for the optimal conditions (4.68 mg GAE/g DW) were in reasonable relation with predicted values
(4.46 mg GAE/g DW).

3.4.2. PLE-ethanol optimization of P. tricornutum PLE-acetone residue

The PLE-acetone residues of P. tricornutum biomass were used for the optimization of PLE-ethanol. A
similar biorefining approach was discussed in recent works, indicating that due to its chemical
composition, P. tricornutum can be used for an integrated biorefinery, to optimize environmental and
economic process feasibility. Such an approach also considers residual biomass valorization on each step
of high-components extraction in order to convert and obtain a wide range of different compounds and
products[15], [156].

Table 3.12. presents PLE-ethanol extract yields (g/100 g DW), total carotenoid content (mg/g DW), and
total phenolic content (mg GAE/g DW) of P. tricornutum biomass residues after PLE-acetone. In general,
the yield obtained ranged from 9.8 to 17.2 g/100g DW, with the maximum value obtained under 100°C
and 45 min of extraction time. Total carotenoid content ranged from 3 to 9.3 mg/g extract with the
maximum amount under 40°C and 15 min of extraction time. Total phenolic content varied from 2.96 to
6.12 mg GAE/g DW with the maximum amount under 100°C and 45 min of extraction time. In order to
determine the model adequacy for all responses, predicted, and actual values were compared (Figures
3.15, 3.16, 3.17, 3.18, 3.19, 3.20). The most significant effect on the parameters had temperature, while
extraction time showed only minor effects. Just as during SFE-CO- and PLE-acetone optimization, the
total extract yield increased with rising of the temperature, whereas the amount of total carotenoids
dropped. Compared to PLE-acetone optimization results, PLE-ethanol has shown higher amounts of
extracted yields but lower amounts of carotenoids and phenolic compounds. A similar trend can be
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observed after SLE when the highest amount of yield was obtained during water extraction, followed by
ethanol. The more polar nature of ethanol helps to extract comparatively more residual components
compared to acetone. As a result, optimum conditions were suggested to be 66°C and 17 min of extraction
time.

Table 3.12. Central composite design matrix for PLE-ethanol optimization for P. tricornutum PLE-acetone
residues and values of observed responses: PLE extract yields (g/100 g DW), total carotenoid content (mg/g
extract) and total phenolic content (mg GAE/g DW)

Run Temperature Time Yield Total Total phenolic content
(°C) (min) (9/ 100 ¢ carotenoid (mg GAE/g DW)
DW) content
(mg/g extract)

1 40 45 9.80 8.73 3.09

2 70 30 16.53 5.95 5.17

3 40 15 10.19 9.30 4.03

4 100 15 16.11 441 5.00

5 70 30 16.12 4.92 4.88

6 100 30 16.50 3.04 5.68

7 70 30 15.70 5.17 4.96

8 40 30 11.20 7.00 2.96

9 70 30 15.92 6.07 4.92

10 70 15 14.74 8.72 5.23

11 100 45 17.22 5.07 6.12

12 70 45 16.70 8.04 5.41
Optimal 66 17 15.22 7.60 5.12
conditions

*optimal conditions were suggested by Design-Expert 7.0 software

. Effect of time and temperature on the PLE-ethanol extraction yield of P. tricornutum PLE-acetone
residue

The highest PLE-ethanol extraction yield (17.2 g/100g DW) after PLE-acetone biomass residues was
obtained under maximum temperature and extraction time — 100°C and 45 min and the lowest (9.8 g/100g
DW) under 40°C and 45 min. The maximum and minimum values were reached under the same
extraction conditions as for PLE-acetone extraction. However, for the yield, PLE-ethanol extraction has
shown higher yields as compared to the PLE-acetone yield. At the central point (70°C and 30 min), yield
ranged from 15.7 to 16.53 g/100g DW. Extraction time had a minor effect, as at a constant temperature
and different extraction time changes in yield were not significant. While temperature has shown the
biggest positive impact on the yield, the same trend was observed during PLE-acetone optimization.
These response surface plots are of great benefit in making the extraction more efficient; it can be done
by increasing the extraction time at lower temperatures or applying high temperatures for a short
extraction time.

Overall, total oil yields were higher during the second step of PLE with ethanol compared to the first step
with acetone. The same trend was observed in the current research during SLE when the highest
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extraction yield was obtained during the last step of extraction with water, followed by yields using
ethanol, acetone, and hexane. In several studies, different microalgae species were subjected to PLE
using different solvents such as ethanol, 2-propanol, hexane, petroleum ether, and water. In all cases,
ethanol or ethanol/water mixtures showed the highest obtained yields[61], [82], [123], [135]. When non-
polar solvents are applied, low efficiency was achieved because of the fact that usually polar compounds
comprise the major part of microalgae biomass.

The results from CCD can be used to compose the second-order polynomial model equation (Equation
3.7).

Yield, g/100g DW = 16.09 + 3.12 * A+ 0.47 * B+ 0.35 * A* B — 2.30 * A2— 0.45 * B, (Eq. 3.7),
where A — temperature; B — time.

Response surface quadratic model for PLE-ethanol optimization for P. tricornutum residual biomass
after PLE-acetone (yield, g/100g DW) and its analysis of variance is presented in Table 3.13. For this
response, three effects had P-values<0.05, and the model’s lack of fit was not significant. For the extract
yield, the importance of independent variables can be arranged in the following order: extraction
temperature > extraction time. The Model F-value of 49.48 indicates that the model is significant, as well
as the obtained adequate Precision ratio of 17.9 indicates that the model can be used to navigate the
design space.

Table 3.13. Analysis of variance of the regression parameters for response surface quadratic model for PLE-
ethanol optimization for P. tricornutum residual biomass after PLE-acetone (Response factor: Total yield g/100g
DW)

Source Sum of squares df Mean square F value p-value
Model 78.71 5 15.74 49.48 < 0.0001"
A-Temperature 58.28 1 58.28 183.18 < 0.0001"
B-Time 1.31 1 1.31 411 0.0891
AB 0.49 1 0.49 1.54 0.2609
A? 14.15 1 14.15 44.48 0.0005"
B? 0.55 1 0.55 1.73 0.2370
Residual 1.91 6 0.32

Lack of Fit 1.53 3 0.51 4.05 0.1402™
Pure Error 0.38 3 0.13

Total 80.62 11

*: significant; **: not significant; df: degree of freedom; F: Fisher value.; MS: mean square; RF: response factor; SS: sum of
square.
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Figure 3.15. Response surface 3D and 2D plots showing the effects of independent variables (temperature and
extraction time) on PLE-ethanol vield (¢/100g DW) from P. tricornutum PLE-acetone residual biomass
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Figure 3.16. Comparison between predicted and observed PLE-ethanol total yield (g/100g DW) from P.
tricornutum biomass SFE-acetone residues

Predicted and actual values for total yield can be seen in the Figure 3.16. Both values are close to the
45° line, which indicates good points distribution and confirms that the model fits well. The actual total

yield values for the optimal conditions (15.22 g/100g DW) were in reasonable relation with predicted
values (14.94 g/100g DW).
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B. Effect of time and temperature on the PLE-ethanol total carotenoid content of P. tricornutum
PLE-acetone residue

The highest PLE-ethanol carotenoid content (9.3 mg/g extract) after PLE-acetone biomass residues was
obtained under minimum temperature and extraction time — 40°C and 15 min and the lowest (3.04 mg/g
extract) under 100°C and 30 min. It could be explained by degradation of carotenoids under high
temperatures. At the central point (70°C and 30 min), total carotenoid content ranged between 4.9 and 6
mg/g extract.

The model showed a higher significance of temperature as compared to extraction time. Typically, a
longer extraction time stimulates a higher yield; however, in this case total carotenoid content decreased
with longer extraction time (from 8.72 mg/g extract during 15 min extraction to 8.04 mg/g extract during
45 min extraction at 70°C and from 9.30 mg/g extract during 15 min to 8.73 mg/g extract during 45 min
at 40°C). The same pattern was reported during several studies of PLE application on microalgae, aiming
to extract algal carotenoids. Similarly, during lutein extraction from Haematococcus pluvialis and
Dunaliella salina lower yields were obtained with longer time of extraction, as lutein was found to be
less thermolabile than, for example, astaxanthin[31]. For fucoxanthin, short PLE extraction times (10
min at 100°C in ethanol) from P. tricornutum freeze-dried biomass, gave higher extraction yield
compared to longer PLE extraction time or other methods (same carotenoid content was achieved either
at room temperature with UAE or during Soxhlet extraction at 80°C, but after 30 min)[78].

Moreover, ethanol turned out to be one of the best solvents for various carotenoid extraction from
microalgae, including fucoxanthin. Despite that major part of carotenoids was extracted during SFE-CO>
and the first cycle of PLE-acetone, ethanol was able to extract remaining carotenoids from the residual
biomass. Ethanol was also an efficient solvent in PLE of fucoxanthin from Eisenia bicyclis at 110°C at
100-200 bars and astaxanthin from Haematococcus pluvialis at 200°C and 103 bars[135]. During the
extraction of carotenoids from Spirulina platensis the highest yields were achieved in ethanol, followed
by water, hexane, and petroleum ether[61].

The regression equation obtained using CCD for total carotenoid content (Equation 3.8).

Total carotenoid content, mg/g extract =5.66 — 2.10* A—0.12*B +0.29 * A* B - 0.99 * A?+ 2.35 *
B?, (Eq. 3.8),

C. Where A — temperature; B —time.

Analysis of variance (ANOVA) of the regression parameters for response surface quadratic model for
PLE-ethanol optimization for P. tricornutum residual biomass after PLE-acetone (total carotenoid
content, mg/g extract) is presented in the Table 3.14. For the response, four effects had P-values less
than 0.05, indicating their significance from zero. The extraction temperature had a substantially bigger
impact on the total carotenoid content than extraction time. The R-squared shows that the model explains
95.5% of the total yield variability, and the predicted R-Squared of 80% is in reasonable agreement with
the adjusted R-Squared of 91.8%. The Model F-value of 25.89 indicates that the model is significant, as
well as the Precision ratio of 17.32 indicates an adequate signal of the model and that it can be used to
navigate the design space.
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Table 3.14. Analysis of variance of the regression parameters for response surface quadratic model for PLE-
ethanol optimization for P. tricornutum residual biomass after PLE-acetone (Response factor: total carotenoid
content, mg/g extract)

Source Sum of squares df Mean square F value p-value
Model 41.72 5 8.34 25.89 0.0005"
A-Temperature 26.42 1 26.42 81.96 0.0001"
B-Time 0.079 1 0.079 0.25 0.6374
AB 0.34 1 0.34 1.06 0.3426
A? 2.60 1 2.60 8.07 0.0296"
B2 14.76 1 14.76 45,78 0.0005"
Residual 1.93 6 0.32
Lack of Fit 0.93 3 0.31 0.93 0.5248"™
Pure Error 1.00 3 0.33
Total 43.66 11
*: significant; **: not significant; df: degree of freedom; F: Fisher value.; MS: mean square; RF: response factor; SS: sum of
square.
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Figure 3.17. Response surface 3D and 2D plots showing the effects of independent variables (temperature and
extraction time) on PLE-ethanol total carotenoid content (mg/g extract) from P. tricornutum PLE-acetone residual
biomass
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Predicted vs. Actual
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Figure 3.18. Comparison between predicted and observed PLE-ethanol total carotenoid content (mg/g extract)
from P. tricornutum biomass SFE-acetone residues

C. Effect of time and temperature on the PLE-ethanol total phenolic content of P. tricornutum
PLE-acetone residue

TPC in PLE-ethanol extracts was lower than during the previous step of PLE-acetone. Alike SLE, during
PLE, the TPC decreased with further extraction steps, as active antioxidant compounds were being
removed gradually with each extraction process. It can also be seen by the decrease in total carotenoids
in each following extraction, as it was mentioned above, carotenoids contribute significantly to the
antioxidant effects of the extracts. The highest total phenolic content (6.12 mg GAE/g DW) was obtained
under 100°C and 45 min extraction time, while the lowest (2.96 mg GAE/g DW) under 40°C and 30 min.

In contrast to PLE-acetone extraction in PLE-ethanol, the highest TPC value did not correspond with the
highest total carotenoids value. However, similarly to PLE-acetone, the antioxidant capacity of PLE-
ethanol extracts was enhanced by increasing the temperature to 100°C, as in general, the solubility of
polar compounds related to antioxidant capacity increases with the temperature[47]. Similar results were
reported by during PLE extraction of active antioxidant compounds from Phormidium species and
Spirulina platensis when the antioxidant capacity of ethanol extracts rose with the temperature increased
to 150 °C[61], [123].

The regression equation obtained using CCD for total phenolic content (Equation 3.9).

Total phenolic content, mg GAE/g DW =5.00 + 1.12* A+ 0.060 * B+ 0.52* A* B — 0.71* A’ +
0.29 * B2, (Eq. 3.9),

A. Where A — temperature; B — time.
Analysis of variance (ANOVA) of the regression parameters for response surface quadratic model for
PLE-ethanol optimization for P. tricornutum residual biomass after PLE-acetone (total carotenoid
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content, mg/g extract) is presented in the Table 3.15. For the current response, four effects are significant
(p< 0/05). The R-squared showed that the model explains 97.7% of the total yield variability, and the
predicted R-Squared of 80% is in reasonable agreement with the adjusted R-Squared of 95.8%. The
Model F-value of 51.57 indicates that the model is significant, as well as obtained an adequate Precision
ratio of 23.5 indicates that the model can be used to navigate the design space.

Table 3.15. Analysis of variance of the regression parameters for response surface quadratic model for PLE-
ethanol optimization for P. tricornutum residual biomass after PLE-acetone (Response factor: total phenolic
content, mg GAE/g DW)

Source Sum of squares df Mean square F value p-value
Model 9.97 5 1.99 51.57 < 0.0001"
A-Temperature 7.53 1 7.53 194.72 < 0.0001"
B-Time 0.022 1 0.022 0.56 0.4830
AB 1.06 1 1.06 27.45 0.0019"
A? 1.35 1 1.35 34.90 0.0010"
B? 0.22 1 0.22 5.75 0.0534
Residual 0.23 6 0.039

Lack of Fit 0.18 3 0.061 3.63 0.1588™
Pure Error 0.050 3 0.017

Total 10.20 11

*: significant; **: not significant; df: degree of freedom; F: Fisher value.; MS: mean square; RF: response factor; SS: sum of
square. TPC
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Figure 3.19. Response surface 3D and 2D plots showing the effects of independent variables (temperature
and extraction time) on PLE-ethanol total phenolic content (mg GAE/g DW) from P. tricornutum PLE-
acetone residual biomass

65



Predicted vs. Actual
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Figure 3.20. Comparison between predicted and observed PLE-ethanol total phenolic content (mg GAE/g DW)

from P. tricornutum biomass SFE-acetone residues

3.4.3. Verification of the predictive model of multiple response optimization for PLE-acetone and

PLE-ethanol from P. tricornutum SFE-CO:- residue

Multiple response optimization was carried out in order to determine the most suitable extraction

conditions to maximize the studied variables, specifically, extraction yield and total carotenoid content.

Total phenolic content was used to determine the amount of reducing substances, and thus, the potential
antioxidant capacity of the extracts. Since phenolic compounds are powerful scavengers of free radicals
and the strong correlation between the amount of phenols and antioxidant capacity of P. tricornutum
biomass is also reported in previous studies[8], [47]. Both extraction steps were performed in duplicates

for each of the proposed optimum conditions. The validation results are shown in Table 3.16.

Table 3.16. Validation results of PLE-acetone and PLE-ethanol optimal conditions. Predicted and actual values

of extraction

PLE-acetone optimal conditions Predicted Actual Variation, %
(61°C, 39 min)

Yield, g/ 100 g DW 7.26 7.6+0.35 -4.68
Total carotenoid content, mg/g extract 11.41 10.9+0.63 +4.46
TPC, mg GAE/g DW 4.46 4.68+0.29 -4.93
PLE-ethanol optimal conditions Predicted Actual Variation, %

(66°C, 17 min)

Yield, g/100 g DW 14.94 15.22+0.29 -1.8
Total carotenoid content, mg/g extract 7.80 7.6+0.42 +2.56
TPC, mg GAE/g DW 5.06 5.1+0.22 -0.79

“values are expressed as mean + standard deviation (n = 2). PLE — pressurized liquid extraction, TPC — total phenolic content;

DW — dry weight; GAE - gallic acid equivalence
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For the PLE-acetone optimization, the optimal conditions were suggested to be 61°C and 39 min
extraction time, which allowed to obtain relatively high yields of extracts, rich in total carotenoid content
and high antioxidant capacity. The validity of the obtained model can be approved, as predicted, and
actual values are in a good agreement. Moreover, both total yield and TPC values were higher than
predicted. According to ANOVA, for TPC and total yield, the temperature was the determinant factor
(had the biggest F-value) for these responses. While for the total carotenoid content, both temperature
and extraction time were determinant, as with prolonging the extraction time at the high temperature,
total carotenoid content was decreasing.

The model for PLE-ethanol optimization with two independent variables by CCD predicted that optimal
parameters are 66°C and 17 min of extraction time. Under these optimal conditions, the actual values
agreed with the values predicted by the model with minimal variation under 3%. Ethanol-assisted PLE
allowed to obtain higher extraction yields compared to PLE-acetone, as well as to extract remaining
carotenoids.

Table 3.17. Recoveries of fucoxanthin and total yield from P. tricornutum biomass

mg fucoxanthin/g extract total yield g/100 g DW
(optimal conditions)

SFE-CO; 47,702 9.80+0.228
PLE-acetone 9.93° 7.60+0.35°
PLE-ethanol 7.03° 15.22+0.29°
Reference Soxhlet 22.33° 10.10 £ 0.13?

*different lowercase superscript letters indicate significant differences within the same column (ANOVA, p < 0.05). SFE-
CO; — supercritical carbon dioxide extraction, PLE — pressurized liquid extraction, DW — dry weight

Overall, the highest total yield was obtained during PLE-ethanol extraction, which is in agreement with
data obtained during stepwise SLE, where the highest yield was achieved using polar solvents, such as
ethanol and water. Total lipophilic yield after SFE-CO and Soxhlet extraction was not considerably
different. However, time spent on SFE-CO; extraction was more than three times shorter compared to
Soxhlet extraction, to obtain the same yields (1.5 and 6 hours respectively), as well as during SFE-CO>
the usage of toxic solvents as hexane is eliminated.

According to the study by Gilbert-Lopez, P. tricornutum contains approximately 60 mg/g extract of
fucoxanthin. In the mentioned study P. tricornutum free-dried biomass was macerated in acetone during
24h at room temperature, and the average concentration of fucoxanthin in the extract was calculated as a
reference value for total fucoxanthin in the biomass[48]. Current results demonstrated that SFE-CO;
under optimal conditions had extracted most of the oils and hydrophobic carotenoids due to its non-polar
nature, as well as a major part of fucoxanthin (47.7 mg/g extract) with the help of ethanol as a co-solvent.
Afterwards, most of the remaining fucoxanthin was extracted by PLE with acetone (9.9 mg/g extract),
followed by PLE-ethanol (7 mg/g extract). In total, combined fucoxanthin content after SFE-CO2, PLE-
acetone and PLE-ethanol accounts 64.67 mg/g extract, which is in a range with the amount of reference
fucoxanthin (60 mg/g extract) reported by Gilbert-Lopez. Compared to the amount of fucoxanthin after
extracted using the Soxhlet method (22.3 mg/g extract), the recovery was almost 50% lower than during
SFE-CO:z (47.7 mg/g extract). Thus, it can be concluded that SFE-CO- followed by stepwise PLE with
statistical methodology, is an efficient method for optimizing the extraction conditions for maximum
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fucoxanthin recovery from brown microalgae P. tricornutum in a relatively short time with non-toxic
solvents, suggesting further applications of this method for fucoxanthin extraction from microalgal
biomass. As a result, the bio-refinery concept can be applied on SFE-CO2 by-products of P. tricornutum
freeze-dried biomass in order to get valuable bioactive compounds by pressurized liquid extraction
technique.

3.5. In-vitro antioxidant capacity
3.5.1. Total phenolic content and antioxidant capacity for initial biomass and SLE

Freeze-dried biomass of P. tricornutum was evaluated for its in vitro antioxidant capacity. Table 3.18
shows total phenolic content and antioxidant capacity of P. tricornutum initial biomass, extracts, and
solid residues after stepwise SLE — hexane, acetone, ethanol, and water. These solvents were chosen so
that the solvent polarity would gradually increase from non-polar hexane to very polar water. Initial
biomass and solid residues after each extraction step were evaluated for its antioxidant capacity using
QUENCHER (QUick, Easy, New, CHEap, and Reproducible) approach. This approach allows us to
measure total antioxidant capacity accurately and precisely in a single operation, including both, free and
bound antioxidant compounds. The procedure is based on direct measurement of solid samples by
combining, followed by a spectrometric measurement afterwards. The reaction between an antioxidant
and a radical occurs at the interface when they come into contact, irrespectively of the hydrophobicity of
the compound of interest[51]. QUENCHER method was specifically developed for widely used
antioxidant assays such as TPC, ABTS"" and DPPHe.

The total phenolic content values are expressed as milligrams of gallic acid equivalence per gram of
sample. The initial TPC value of raw biomass was 21.67+0.68, and it finally decreased to 6.66+0.42 after
the last step of water extraction. Total phenols values for extracts ranged between 1.75+0.04 and
6.02+0.41. Overall, acetone showed the highest capability of extracting phenolic compounds, and hexane
extracts exhibited the lowest antioxidant capacity.

For ABTS" radical scavenging assay values were expressed as Trolox equivalents —- TEAC mg Trolox/g
residue for dry biomass and TEAC mg Trolox/g DW extract for extracts. The values for SLE dry residues
ranged from 64.58+4.82 to 19.03+2.57 mg Trolox/g residue. Hexane has shown the lowest capacity,
while acetone extracts expressed the most potent antioxidant activities with values of 14.25+2.72 mg
Trolox/g DW extract. The highest ABTS™ values were observed in residual biomass after hexane
extraction, compared to initial biomass.

Initial biomass and extracts were also evaluated on their antioxidant capacity using DPPH’ cation radical
assay. For the initial biomass, values range from 7.84+0.62 to 1.02+0.17 mg Trolox/g residue after water
extraction. Initial biomass has shown the most potent ability to scavenge DPPH" free radicals. Whereas
for extracts values ranged from 0.23+0.02 to 2.50+0.26 mg Trolox/g DW extract, with the highest activity
observed after acetone-assisted extraction, and lowest after water extracts, followed by hexane extracts.
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In all cases, the antioxidant capacity of residual biomass was gradually decreasing, indicating that only
a limited number of active antioxidant compounds are extracted from the microalgae biomass after each
extraction step. It correlates with the general statement in other studies, that the most part of antioxidant
active compounds is present in residual biomass in bound form and it is more difficult to extract, thus
each extraction step removes only a particular part of active compounds|[2].

P. tricornutum, like many other microalgae, has a wide range of bioactive constituents of different
chemical composition and polarity, that exhibit antioxidant capacity. Because of the large number and
different mechanisms of antioxidant action of these compounds, their antioxidant capacity determination
can be complicated [50], [149]. The crucial factor in the antioxidant capacity of an extract plays the type
of solvent used for extraction, as the polarity of the solvent determines the types of compounds that can
be extracted using this solvent. Overall, as it was previously reported[97], the highest TPC and
antioxidant capacity were found to be in the ethanolic extracts of microalgae than compared to hexane,
ethyl acetate, water or water/ethanol mixtures. In the literature in vitro antioxidant capacity and total
phenolic content of P. tricornutum were not studied using acetone-assisted extraction.

In a recent study by Valdez-Ortiz [154], P. tricornutum biomass was evaluated by its total phenolic
content and antioxidant capacity for initial biomass and extracts after ethanolic extraction. ABTS™" values
were 67.93+£0.36 mg Trolox/g DW for the initial biomass, 44.90+0.90 mg Trolox/g residue for the
residual biomass after extraction with ethanol and 23.02+0.75 mg Trolox/g DW extract. These values are
very close to the data obtained in the current research. In the literature DPPH" assay was reported to show
a total value of 9.54+0.13 mg Trolox/g DW for initial biomass, which is in good correlation with data
obtained in the current work — 7.84+0.62. However, TPC content in the described study was significantly
lower (2.90+0.02) than observed in the current work (21.67+0.68). In the study of Gilbert-Lopez,
microwave-assisted extraction with different %EtOH (0, 50, 100%) and temperature (30, 100, 170°C)
was applied to freeze-dried P. tricornutum biomass with further TPC content determination[48]. The
values ranged from 8.92 to 46.97 mg GAE/g extract, and the lowest content was obtained with water at
100°C and the highest with 100% EtOH under 30°C.

Table 3.18. Total phenolic content and antioxidant capacity of P. tricornutum initial biomass, extracts and solid
residues after stepwise SLE — hexane (HEX), acetone (AC), ethanol (ET), water (W)

P. tricornutum SLE-HEX SLE-AC SLE-EtOH SLE-H20
TPC,
mg GAE/g DW
(residue)
21.67+0.68? 20.20+1.66% 16.22+0.75° 8.89+1.21° 6.66+0.42¢
TPC.
mg GAE/g DW
(extract)
NA 1.75+0.042 6.02+0.41° 5.30+0.70° 2.12+0.122
TPC, mg GAE/g
extract NA 21.8+0.222 89.2+9.0° 45.1+6.0° 11.1+0.214
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ABTS™, P. tricornutum SLE-HEX SLE-AC SLE-EtOH SLE-H20
TEAC mg Trolox/g
DW (residue)
61.85+4.227 64.58+4.82° 41.05+1.00° 33.81+1.23¢ 19.03+2.57¢
ABTS™,
TEAC mg Trolox/g
DW (extract)
NA 1.56+0.009? 14.25+2.72° 8.56+0.46° 9.37+0.55°
ABTS™, TEAC mg
Trolox/g extract NA 20.02+0.11° 170.0+8.9° 59.0+3.19¢ 39.1+0.73¢
DPPH’, P. tricornutum SLE-HEX SLE-AC SLE-EtOH SLE-H20
TEAC mg Trolox/g
DW (residue)
7.84+0.62° 7.1740.33? 5.35+0.49° 1.64+0.31° 1.02+0.17¢
DPPH",
TEAC mg Trolox/g
DW (extract)
NA 0.31+0.01° 2.50+0.26° 1.10+0.07¢ 0.23+0.02°
DPPH",
TEAC mg Trolox/g NA 4.17+0.06° 38.6+1.68" 9.2940.45°¢ 1.34+0.02¢
extract

*values are expressed as mean = standard deviation (n = 6). Different lowercase superscript letters indicate significant
differences within the same row at p < 0.05 (ANOVA, p < 0.05). TPC — total phenolic content, DW — dry weight, GAE —
gallic acid equivalence, TEAC — trolox equivalent antioxidant capacity

3.5.2. Total phenolic content and antioxidant capacity of SFE-CO; extracts and SFE-CO; residues

P. tricornutum residual biomass and extracts after supercritical carbon dioxide extraction were
investigated for its total phenolic content and in vitro antioxidant capacity, in order to evaluate the
effectiveness of antioxidants extraction by SFE-CO., The results are presented in Table 3.19. The values
for TPC are expressed as milligrams of gallic acid equivalents per gram of sample. TPC value for residual
biomass was 12.33+1.29 mg GAE/g DW, while the initial biomass value was 21.67+0.68 mg GAE/g
DW. Compared to SLE-HEX, supercritical carbon dioxide extraction has shown lower antioxidant
capacity in the residual biomass, concluding better removal of phenol-rich fractions during the extraction
process.

The ABTS™ radical scavenging assay values were expressed as Trolox equivalents — mg Trolox/g DW.
The ABTS™ values were 60.99+3.93 mg Trolox/g DW and 4.92+0.09 mg Trolox/g DW for residual
biomass and extracts, respectively. The ABTS™ values were in SFE-CO; extracts were not statistically
significant compared to SLE-HEX. Thus, a smaller part of active antioxidant compounds was extracted
and distributed in the extract from the initial biomass using SLE-HEX, when compared to supercritical
extraction. The sample's antioxidant capacity was also evaluated by the ability to scavenge DPPH" free
radicals. The values of DPPH" cation radical assay were 7.69+1.03 mg Trolox/g DW for the biomass and
0.28+0.06 mg Trolox/g DW for extracts. No significant changes in the antioxidant capacity of P.
tricornutum biomass were observed prior and after non-polar fraction, removal using supercritical carbon
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dioxide extraction; thus, indicating that the solid residues after SFE-CO> could be further utilized for
recovery of antioxidant-rich fractions.

Table 3.19. Total phenolic content and antioxidant capacity of P. tricornutum residual biomass and extracts after
supercritical fluid extraction under optimal conditions (395 bars, 30°C, 9.2% EtOH)

TPC, P. tricornutum SFE-CO:
mg GAE/g DW (residue)
21,67+0,68° 12,33+1,29°
TPC,
mg GAE/g DW (extract)
NA 2,940,14
ABTS™, P. tricornutum SFE-CO:
TEAC mg Trolox/g DW(residue)
61,85+4,22° 60,99+3,93°
ABTS™,
TEAC mg Trolox/g DW (extract)
NA 4,92+0,09
DPPH’, P. tricornutum SFE-CO:
TEAC mg Trolox/g DW (residue)
7,84+0,62° 7,69+1,03°
DPPH",
TEAC mg Trolox/g DW (extract)
NA 0,28+0,06

*values are expressed as mean + standard deviation (n = 6). Different lowercase superscript letters indicate significant
differences within the same row at p < 0.05 (ANOVA, p < 0.05). SFE-CO, — supercritical carbon dioxide extraction, TPC —
total phenolic content, DW — dry weight, GAE — gallic acid equivalence, TEAC — trolox equivalent antioxidant capacity

In the study of Feller et al., P. tricornutum biomass was evaluated for DPPH" cation radical assay after
supercritical carbon dioxide extraction and compared with the values after subcritical n-butane
extraction[39]. Among the two other microalgae studied, P. tricornutum SFE-CO; extracts showed the
smallest DPPH" scavenging activities (the scavenging ability was 12.0% and 9.0% using SFE-CO; and
subcritical n-butane, respectively, which were statistically similar (p< 0.05)).

3.6. Chemical and microbiological characterization of P. tricornutum extracts
3.6.1. Analysis of carotenoids present in the extracts by HPLC-DAD

All SFE-CO; extracts, as well as Soxhlet and extracts obtained under PLE-acetone and PLE-ethanol
optimal conditions, were analyzed by means of HPLC-DAD for qualitative and quantitative pigment
determination. Overall, all chromatograms were identical regarding the number of peaks and types of
carotenoids detected, with main differences in the peak area of eluted compounds, which indicates
quantity of each carotenoid depending on extraction type and conditions. HPLC-DAD chromatogram of
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SFE-CO2 optimal conditions extract are shown in Figure 3.21 Results of peak identification as well as
the amount of each carotenoid in mg/g of fucoxanthin equivalence are shown in Table 3.20. The presence
or absence of all main detected carotenoids in SFE-CO, PLE-acetone, PLE-ethanol, and Soxhlet extracts
is shown in Table 3.21.

The key compounds found to be carotenoids, most notably isomers of fucoxanthin, being also the most
abundant compounds of the all-E-fucoxanthin (peak 4) and fucoxanthin isomer (peak 6). The second
most prominent peak on all chromatograms is found to be diatoxanthin (peak 8). Among the identified
carotenoids were also found violaxanthin, diadinoxanthin, zeaxanthin, and B-carotene (peaks 5, 7, 9, and
12, respectively). Xanthophylls diadinoxanthin and diatoxanthin are involved in a specific molecular
response to stressful light conditions called the diadinoxanthin cycle, which allows thermal scattering of
excessive light energy and provides efficient photoprotection to the algal photosynthetic apparatus[87].
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conditions (30°C, 392 bars, 9.2% EtOH)

The other two carotenoids (peak 1, 3), as well as one carotenoid ester (peak 11), were detected in all
extracts; however, they were not fully identified, as well as they were not identified in the literature[48],
[83], [87]. The remaining minor peaks in the chromatogram (peaks 2 and 10) showed characteristic
absorbance spectrum of chlorophylls, and hence those have been assigned as different chlorophyll-types.
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Table 3.20. Main carotenoids identification in SFE-CO; extract under optimal conditions

Peak RT Carotenoid Amax, (nm)®  Amax according mg percent- Reference
to literature, FE/g size, %
(nm)? extract

1 1.083 n/i 398, 418 - 0.84 1.11 [83], [88]
2 1.473 Chlorophyll-type 430 430 0.96 1.28 [83]
3 1.690 n/i 397, 484 - 0.51 0.68 [83]

4 2.160  (all-E)-Fucoxanthin® 448 447 47.7 63.16 [47], [83],
(88]

5 2.963 (all-E)-Violaxanthin (428), 448, (418)-442-474 2.48 3.28 [83], [88]

466

6 3.235 (132)-Fucoxanthin® 444, 466 334-442—(466) 5.69 7.54 [47], [83],
(88]

7 3.768  (all-E)-Diadinoxanthin  (416), 434, (426)-450-478 1.08 1.44 [83], [88]

460

8 4.119 (all-E)-Diatoxanthin (436), 454, (430)-454-482 9.0 11.92 [47], [83],
482 [88]

9 5.262 (all-E)-Zeaxanthin (432), 450, (430)-454-482 1.45 1.92 [47], [83],
478 [88]

10  14.852 Chlorophyll-type 466 440 0.98 1.31 [83], [88]

11 26.270 Carotenoid-ester 410 450 1.87 2.48 [47], [83],
(88]

12 28.001 [-carotene® 450, 478 451, 478 2.88 3.82 [83], [88]

Total 75.49 100

RT — retention time, n/i — not identified, FE — fucoxanthin equivalence
a _ shoulder is reported in parenthesis; °¢— identified with a commercial standard

In SFE-CO; optimal conditions extract all fucoxanthin isomers accounted for about 70% of total
carotenoids, while all-E diatoxanthin was also present in all extracts in a lower but considerable
concentration of about 12%. All-E violaxanthin and B-carotene comprise a total of 3% each. Similar
fucoxanthin levels in P. tricornutum extracts were also reported in the literature[87], [128], [160].

Table 3.21. Presence of the main carotenoids in SFE-CO,, PLE, and Soxhlet extracts.

Carotenoid SFE-CO: PLE- PLE- Soxhlet
acetone ethanol

Chlorophyll-type + + + +
(all-E)-Fucoxanthin® + + + +
(all-E)-Violaxanthin + + + +
(132)-Fucoxanthin® + + + +
(all-E)-Diadinoxanthin + + + +
(all-E)-Diatoxanthin + + + +
(all-E)-Zeaxanthin + + - +
Chlorophyll-type + - - +
Carotenoid-ester + + - +
[3-carotene® + - +

SFE-CO; — supercritical carbon dioxide extraction, PLE — pressurized liquid extraction

As described above, due to its potential bioactivities, E-fucoxanthin was the principal pigment and the
most valuable compound. Therefore, it was further quantified in the extracts (Table 3.22). The amount
of fucoxanthin recovered during SFE-CO; optimal conditions was 4.7 mg/g DW, while further recovery
from the same biomass under PLE extraction with acetone and ethanol was 0.76 and 1.1 mg/g DW
respectively, bringing the total amount of biorefined fucoxanthin to 6.6 mg/g DW. Overall, about 73%
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of total fucoxanthin present in the freeze-dried P. tricornutum biomass was recovered using SFE-CO-,
Soxhlet extraction itself recovered only 2.25 mg/g DW of fucoxanthin.

Table 3.22. Recoveries of fucoxanthin (in mg/ extract and mg/g DW) from P. tricornutum biomass after
stepwise SFE-CO2/PLE extraction and Soxhlet as a reference

mg/g extract Recovery (%) mg/g DW
SFE-CO, 47.70° 73.75 4.742
PLE-acetone 9.93° 15.36 0.76°
PLE-ethanol 7.03° 10.87 1.10°
Total 64.66 100 6.60
Reference Soxhlet 22.33° 34.53 2.25°

*Different lowercase superscript letters indicate significant differences within the same column at p < 0.05 (ANOVA, p <
0.05). SFE-CO; — supercritical carbon dioxide extraction, PLE — pressurized liquid extraction, DW — dry weight

In the work of Wu et al., six strains of P. tricornutum were investigated for their fucoxanthin content,
with the highest obtained value of 5.5 mg/g DW[160]. These results indicate that SFE-CO: is a suitable
method for fucoxanthin recovery from P. tricornutum biomass, allowing to extract a major part of
fucoxanthin and being almost twice more efficient compared to Soxhlet.

3.6.2. Fatty acid profile of extracted oils

P. tricornutum extracts after Soxhlet extraction with hexane, SFE-CO> and PLE acetone under optimal
conditions were analyzed by means of GC-FID for fatty acid profile determination. Overall, the total
saturated (SFA), monounsaturated (MUFA), polyunsaturated (PUFA), unsaturated, and the ratio of
saturated to unsaturated (SFA/UFA) fatty acid composition of extracts is reported in the Table 3.23. All
extracts showed a predominance of PUFA (45-51%) over SFA (23-33%) and MUFA (25-34%).

As expected, the most abundant fatty acid in all samples, as well as out of all PUFA, was
eicosapentaenoic acid (EPA, C20:5 n3). EPA accounted for approximately 40% of the total amount of
all fatty acids in extracts after Soxhlet extraction and SFE-CO- and about 20% in PLE extract of residual
biomass after SFE-CO,. Another polyunsaturated fatty acid, namely linoleic acid (C18:2n-6), was also
present in considerable quantities (4-6%) in all extracts. The second most abundant fatty acids were both
MUFA, oleic acid (C18:1n-9) and palmitoleic acid (C16:1), each of them comprised almost 13% in all
extracted samples. Among SFA, the main present acids were palmitic (C16:0) 6-13%, myristic (C14:0)
3-4%, and pentadecanoic acid (C15:0) 1-3%. In general, all extracted showed similar fatty acid profiles,
mainly differ in percent-size of each acid. However, PLE-acetone extract showed significantly higher
content of three particular fatty acids — erucic acid (C22:1n-9), which was only detected after PLE
extraction, docosanoic acid (C22:0) and C20:3n3.

The results obtained in current research are in agreement with the previous studies of Wu et al., Di Lena
et al., Banskota et al. and Feller et al. [8], [39], [89], [160], where extracts from P. tricornutum were
mostly composed of EPA, palmitoleic acid, palmitic acid, and oleic acid. Moreover, results showed that
only small amounts of DHA (C22:6n-3) were detected — the maximum of 0.28% in the present study and
from 1.54 to 2.64% in the study of Fller et al., where six strains of P. tricornutum were evaluated for
their fatty acid profile[160]. The n-3/n-6 ratio, as an indicator of the nutritional value of food, is beneficial
to be elevated in the human diet in order to avoid cardiovascular and chronic inflammatory diseases and
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counteract the excessive intake of n-6 PUFA typical for modern Western diets[69]. The obtained n-3/n-
6 ratio was favorably high (5.2) for Soxhlet, SFE-CO> and PLE-acetone extracts. These values are in line
with the study of Di Lena et al., where the n-3/n-6 ratio for P. tricornutum extracts was reported to be
5.01, suggesting the potential health properties of microalgal 0ils[89].

Table 3.23. Fatty acids composition of the algae biomass extracts using the four extraction methods (% of the total
GC-FID peak area)

Fatty acid Soxhlet SFE-CO:2 PLE-AC
C8:0 0.49° 0.30? 0.45?
C11.0 0.492 0.37° 0.67°
C12:.0 0.822 0.76° 0.48°
C13:0 1.30% 1.242 0.60°
C14.0 3.412 4.01° 4.44b
Cl4:1 0.292 0.31° 0.00°
C15:0 3.43 3.70° 2.04°
C16:0 7.522 6.94° 8.40P
Cl6:1 12.418 13.228 12.55%
C17:.0 0.47° 0.45° 0.00°
C18:0 1.56° 3.62° 3.89°
C18:1n9c 13.178 9.81° 13.502
C18:2n6¢ 5.022 6.18° 5.60°
C20:0 0.13? 0.35° 0.00¢
C18:3n6 0.36° 1.21° 0.00°
C20:1n9 0.00? 0.11° 0.00?
C18:3n3 0.55? 1.03° 0.642
C21:.0 1.352 0.43° 0.00¢
C20:2 0.18? 0.52° 0.43°
C22:0 0.29° 0.80° 3.67°
C20:3n6 0.942 0.80? 1.39°
C22:1n9 0.00? 0.00%2 2.10°
C20:3n3 1.10° 0.09° 10.23¢
C20:4n6 0.21° 0.21° 0.00°
C22:2n6 1.30° 1.242 0.97°
C24:0 1.867 0.41° 0.57°
C20:5n3 40.69° 39.442 26.70°
C24:1 0.38? 2.18° 0.65°
C22:6n3 0.28? 0.26° 0.00°
SFA 23.127 23.37° 25.22°
MUFA 26.257 25.642 28.81°
PUFA 50.63? 50.99? 45.97°
TOTAL UFA 76.88? 76.632 74.78°
SFA/UFA 0.302 0.30? 0.342
né 7.832 9.64° 7.97°
n3 42.62° 40.83° 37.57°

*Different lowercase superscript letters indicate significant differences within the same row at p < 0.05 (ANOVA, p < 0.05);
SFE - saturated fatty acids; MUFA — monounsaturated fatty acids; PUFA — polyunsaturated fatty acids; UFA — unsaturated
fatty acids

3.6.3. Evaluation of the antimicrobial activity of P. tricornutum extracts after different extraction
techniques

P. tricornutum extracts after SFE-CO», two-step PLE (acetone, ethanol) and SLE (hexane, acetone,
ethanol, water) in duplicates were evaluated for their antimicrobial effects against eight pathogenic
bacteria (B. cereus, S. aureus, L. monocytogenes, E. coli, Salmonella spp, E. faecalis, P. aeruginosa and
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fungus Aspergillus niger) using broth microdilution method (data is shown in the Table 3.24). After
performing the disk diffusion in order to evaluate the minimal inhibitory concentration (MIC) of each
active extract, microdilution method was applied on SFE-CO- (optimal conditions) extract, as well as
SLE-ethanol and SLE-H>0 that showed inhibition of two bacteria growth (B. cereus, S. aureus) at the
concentration of 1 mg/ml. The antimicrobial activity of active extracts was quantified in pug/ml and the
results are shown in Table 3.25.

Table 3.24. Inhibition activity of all tested extracts against eight pathogenic bacteria: a plus sign indicates the
antimicrobial activity of each particular extract against bacteria

Extracts

Bacteria SFE- PLE-  PLE-  SLE-  SLE-  SLE-  SLE-

COz acetone ethanol hexane acetone ethanol water
B. cereus + - - - - + +
E. faecalis - - - - - - -
L. monocytogenes - - - - - - -
E. coli - - - - - - -
Salmonella spp. - - - - - - -
S. aureus + - - - - + +

P. aeruginosa - - - - - - -

Aspergillus niger - - - - - - -

SFE-CO; — supercritical carbon dioxide extraction, PLE — pressurized liquid extraction, SLE — solid liquid extraction

Overall, MIC values ranged from 84 to 675 ug/ml, with SFE-CO; extract showing the highest
antimicrobial activity, with significant difference in concentration, against both bacterial species, MIC
for B. cereus was 84 pg/ml and for S. aureus 168 pg/ml. The second most active extract turned out to be
SLE-ethanol with MIC of 337 pg/ml against B. cereus and 168 pg/ml against S. aureus; meanwhile, SLE-
H>0 expressed the same MIC of 675 pg/ml against both pathogenic bacteria.

Table 3.25. Minimum inhibitory concentration (MIC, given as pg extract/ml) of SFE-CO; optimal conditions,
SLE-ethanol and SLE-H,0 against B. cereus, S. aureus

MIC (pg/ml)
Bacterial species SFE-CO: SLE-ethanol SLE-H:0
B. cereus 84.372 337.52 675?
S. aureus 168.75" 168.75° 675

*Different lowercase superscript letters indicate significant differences within the same column at p < 0.05 (ANOVA, p <
0.05). SFE-CO, — supercritical carbon dioxide extraction, SLE — solid liquid extraction, MIC — minimal inhibitory
concentration

In the work of Wang et al., P. tricornutum methanolic extract (freeze-fried biomass was macerated in
100% methanol for 10 min, with further centrifugation and solvent evaporation) was tested for its
antimicrobial activity against gram-positive Bacillus subtilis. MIC was found to be 307.5 pg/ml, which
is similar to the MIC of the ethanolic extract against B. cereus obtained in the current study[158].
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Moreover, in the study by Maadane et al., P. tricornutum lyophilized biomass was macerated in ethanol
for 3h, and extracts were evaluated against the bacteria: E. coli, P. aeruginosa and S. aureus, the yeast
Candida albicans and the fungus Aspergillus niger. P. tricornutum showed a lot weaker inhibition
activity and only against E. coli, S. aureus C. albicans, and P. aeruginosa with a significantly higher
MIC ranged from 2.6 to 4.3 mg extract per mi[98].

Such antimicrobial activities against bacteria might occur due to a great part of dominant fatty acids,
which were found to be present in all extracts, especially rich in SFE-CO.. In polar extracts antimicrobial
activity is mostly related to polar substances, such as carotenoids and polysaccharides[115]. This
statement is in agreement with published observations[145], which confirms the antibacterial activity of
the C16—C20 fatty acids found in extracts from the microalga N. oculata. It was also showed that EPA,
the major fatty acid in all extracts of P. tricornutum has a significant antimicrobial effect[33].
Carotenoids as well demonstrated to have a considerable effect against both Gram-positive and Gram-
negative bacteria[152]. According to the previous work[96], ethanolic extracts from Dunaliella sp., P.
tricornutum, and Tetraselmis sp. contained a higher amount of carotenoids; thus the observed
antimicrobial activities SLE water and ethanol extract extracts could be linked with their carotenoid
content. Besides, the ethanol and water extracts from P. tricornutum contained a high amount of phenolic
compounds (polyphenols), expressed as mg GAE/g DW. Hence, a part of the antimicrobial activity of
extracts could be attributed to their total phenolic content, which is in agreement with data found in the
literature[111].

Phytochemicals can work by inducing cellular membrane disruptions, interfering with certain microbial
metabolic processes, modulating signal transduction, or gene expression. Fatty acids can initiate
peroxidative processes and prevent bacterial fatty acids from being synthesized[33], [162]. Moreover,
free fatty acids may cause leakage of molecules from microbial cells, inhibition of their respiration, or
reduction of their nutrient uptake by interacting with cellular membranes of these cells[98], [146].
Carotenoids, fatty acids, and phenolic combinations are likely to interact independently or
synergistically, indicating the existence of pharmaceutically promising antibacterial compounds in the
obtained extracts.
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CONCLUSIONS

. Chemical composition of Phaeodactylum tricornutum freeze-dried biomass was determined. Protein
content was 43.54+0.34%, total oil content was 10.1+0.13%, ash content was 8.16+0.042% and water
content was 3.97+0.16%.

. Stepwise SLE extraction was performed using hexane, acetone, ethanol and water. The highest yield
(18.05+0.89%) was obtained using water as solvent, following by ethanol (13.3+1.06%), hexane
(8.18+0.32%) and acetone (6.7+0.25%).

. SFE-CO; was optimized and the effect of pressure, temperature and the amount of co-solvent on
extraction yield, total carotenoid and fucoxanthin content was investigated. Obtained optimal SFE-
CO> extraction conditions were 395 bars, 30°C and 9.2% EtOH. Total oil yield under optimal
conditions was 9.8+0.22%, total carotenoid content 35.14+2.45 mg/g extract and fucoxanthin content
was 4.7 mg/g DW. With variation of actual and predicted values of maximum +£4% for each response.
. The influence of temperature and extraction time on PLE-acetone was evaluated and the extraction
was optimized. Suggested optimal conditions were 61°C and 39 min. Total yield, carotenoid contend
and phenolic content under optimal conditions were 7.6+0.63 g/100g DW, 10.9+0.63 mg/g extract
and 4.68+0.29 mg GAE/g DW respectively.

PLE ethanol-assisted extraction of the dry residues after SFE-CO; and PLE-acetone was evaluated
and optimized using RSM. Optimal conditions were 66°C and 17 min of extraction time. Yield
obtained under optimal conditions was 15.2+0.29 g/100g DW, total carotenoid content was
7.6£0.42mg/g extract and TPC was 5.1+0.22 mg GAE/g DW.

During SLE, the initial TPC value of raw biomass was 21.67+0.68 total phenols values for extracts
ranged between 1.75+0.04 and 6.02+0.41, with acetone showing the highest capability of extracting
phenolic compounds and hexane the lowest. The values of during ABTS™" for dry residues ranged
from 64.58+4.82 to 19.03+2.57 mg Trolox/g residue and acetone extracts expressed the strongest
antioxidant activities (14.25+2.72 mg Trolox/g DW extract). In residual biomass, the highest ABTS™*
values were observed after hexane extraction. Values of DPPH' scavenging assay for the initial
biomass and dry residues ranged from 7.84+0.62 to 1.02+0.17 mg Trolox/g. For extracts values ranged
from 0.23£0.02 to 2.50£0.26 mg Trolox/g DW extract, with the highest antioxidant capacity found in
acetone and ethanol extracts.

For SFE-CO> TPC value of residual biomass was 12.33+1.29 mg GAE/g DW, while initial biomass
value was 21.67+0.68 mg GAE/g DW. The ABTS"" values were 60.99+3.93 mg Trolox/g DW and
4.92+0.09 mg Trolox/g DW for residual biomass and extracts respectively. The values of DPPH"
cation radical assay were 7.69+1.03 mg Trolox/g DW for the biomass and 0.28+0.06 mg Trolox/g
DW for extracts. Overall, SFE-CO- extracts showed low TPC and radical scavenging capacity,
indicating that non-polar CO, does not extract the major antioxidant-rich fractions.

. HPLC-DAD was performed for qualitative and quantitative carotenoid determination. Overall, the
main carotenoid in non-polar extracts was found to be fucoxanthin and its isomers, with the highest
recovery of approximately 73% of total fucoxanthin content, applying SFE-CO,. The amount of
fucoxanthin recovered during SFE-CO> under optimal conditions was 4.7 mg/g DW, while under PLE
with acetone and ethanol was 0.76 and 1.1 mg/g DW respectively, bringing the total amount of
biorefined fucoxanthin to 6.5 mg/g DW. Soxhlet extraction itself recovered only 2.25 mg/g DW of
fucoxanthin.
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8. GC-FID was applied to P. tricornutum Soxhlet, SFE-CO> and PLE-acetone extracts for fatty acid
profile determination. Eicosapentaenoic acid (EPA, C20:5 n3) comprised of approximately 40% of
the total amount of all fatty acids in extracts after Soxhlet extraction and SFE-CO- and about 20% in
PLE-acetone extract. The second the most abundant fatty acids were oleic acid (C18:1n-9) and
palmitoleic acid (C16:1), each of them comprised almost 13% in all extracted samples, following by
polyunsaturated linoleic acid (C18:2n-6), which accounted for 4-6%. Palmitic (C16:0) 6-13%,
myristic (C14:0) 3-4% and pentadecanoic acid (C15:0) 1-3% were the main SFE acids in all samples.

9. All extracts were tested for their antimicrobial activity against eight pathogenic bacteria (B. cereus, S.
aureus, L. monocytogenes, E. coli, Salmonella spp, E. faecalis, P. aeruginosa and fungus Aspergillus
niger) using broth microdilution method. Overall, only SFE-CO>, SLE-ethanol and SLE-H,O showed
antimicrobial activity against 2 bacteria — B. cereus, S. aureus. MIC in SFE-CO> extract against B.
cereus was 84 pg/ml and against S. aureus 168 pg/ml. For SLE-ethanol MIC was 337 pg/ml against
B. cereus and 168 pg/ml against S. aureus; meanwhile, SLE-H>O expressed the same MIC of 675
ug/ml against both pathogenic bacteria.
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