1780

Chemie

Research Article Ingenieur
Technik

Coproduction of EPA and Fucoxanthin with
P. tricornutum - A Promising Approach for
Up- and Downstream Processing

Felix Derwenskus'**, Benjamin Schifer?, Jan Miiller?, Konstantin Frick?, Andrea Gille®,
Karlis Briviba®, Ulrike Schmid-Staiger’, and Thomas Hirth*

DOI: 10.1002/cite.202000046

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited.

Eicosapentaenoic acid (EPA) and fucoxanthin, a carotenoid, provide a broad variety of health benefits in human nutrition.

In this study, an up- and downstream process for the coproduction of EPA and fucoxanthin using the diatom Phaeodacty-

lum tricornutum in flat-panel airlift photobioreactors is proposed. The approach represents a promising alternative to con-

ventional sources for both compounds, viz. marine fish and macroalgae. The productivity as well as the biomass-specific

product content were optimized during cultivation. Subsequently, both compounds were extracted, separated and purified

using pressurized liquids.
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1 Introduction

Phaeodactylum tricornutum is a unicellular, marine pennate
diatom, constituting a potential source for several high-val-
ue, bioactive compounds like polyunsaturated fatty acids
(PUFA) as well as carotenoids [1]. For this reason, the bio-
mass as well as fractions thereof are of increasing interest
for the application in human nutrition and are widely used
as a feedstuff, e.g., in aquacultures [2]. P tricornutum has
already been cultivated in various types of photobioreactors,
e.g., open ponds, bubble columns and airlift reactors [3-5].
Most attention in the majority of studies concerning the
cultivation of diatoms has been given on a high biomass
productivity, although it is already described that diatoms
have a remarkable capability to change their macromolecu-
lar composition as a response to different environmental
conditions, e.g. by acclimatization [6-8]. Thus, cultivation
conditions such as the light availability in the bioreactor,
nutrient concentration in the culture media, as well as the
design of the reactor system do not only influence the
biomass productivity, but can also have a significant impact
on the biomass-specific product content [9-11]. However,
this fact has yet been more or less neglected even though
the product content can play a crucial role concerning the
economic feasibility of a production process.

Fucoxanthin is one of the most abundant carotenoids in
diatoms [12,13]. During photosynthesis, the oxygen-con-
taining carotenoid (so called xanthophyll) acts as a light
harvesting pigment, which is bound to fucoxanthin-chloro-
phyll a/c-proteins (FCP), located in the thylakoids of the
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cells [14]. Fucoxanthin and chlorophyll ¢ are responsible
for the absorbance of blue and green light from the solar
spectrum, which is of importance especially in aquatic envi-
ronments [15]. Fucoxanthin has a unique structure com-
pared to other carotenoids like beta-carotene due to its
allenic bond, conjugated carbonyl group, 5,6-monoepoxide-
and carbonyl group. Because of its structure, fucoxanthin
has anti-inflammatory, anti-carcinogenic, anti-obesity and
anti-diabetic properties [12, 16-21]. Therefore, fucoxanthin
is supposed to prevent and alleviate several chronic diseases.
For an extensive review please see Peng et al. [12] or Zare-
karizi et al. [24].

The total amount of fucoxanthin in diatoms was found to
range from 6.2 to 59.2mgg " of total dry weight depending
on the specific production strain and solvent used for
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extraction [11, 22-24]. Thus, the fucoxanthin content of
microalgae can be up to 10 times higher compared to con-
ventional sources for this carotenoid like macroalgae
[25,26]. However, the fucoxanthin levels of diatoms can
change readily according to cultivation conditions and its
origin [27,28]. In particular diatoms like P. tricornutum are
known to adapt their pigment content to light stress in
order to avoid intracellular damage of the photosystem and
to improve their capacity for light harvesting at light-limit-
ing conditions [6, 7, 29].

Next to fucoxanthin, diatoms are known for a high con-
tent of eicosapentaenoic acid (EPA), a polyunsaturated fatty
acid [30]. As EPA is part of galacto- and phospholipids con-
stituting a major part of the thylakoid membrane, it can be
assumed that the EPA content in the biomass is affected by
environmental conditions, such as the available light, as well
[31]. Nowadays, EPA is mainly derived from fish oil, which
typically contains a mixture of EPA and docosahexaenoic
acid (DHA). In contrast, some diatoms like P. tricornutum
contain almost exclusively EPA, thus, providing this specific
PUFA in a preferential pure form [3]. Both, EPA and DHA
have anti-inflammatory effects and can provide health-
beneficial effects, e.g., on the human blood cholesterol lev-
el [32]. Biomass-specific EPA contents (dry weight) of
3-5wt % are reported for P, tricornutum, covering around
one-third of the total fatty acids [3, 10, 30].

For a future production process, not only the production
of EPA- and fucoxanthin-rich biomass is crucial, but also
suitable downstream processes have to be evaluated, e.g., for
the solid-liquid extraction of both compounds. Several
extraction methods, like supercritical fluid extraction (SFE)
and pressurized solvent extraction (PLE), are described to
extract lipids like carotenoids and fatty acids from green
microalgae [33-35]. Nevertheless, these extraction methods
cannot be easily transferred to diatoms due to the presence
of species-specific lipid classes and differences in the respec-
tive cell wall composition. Therefore, existing extraction
methods as well as cell disruption procedures, which are
mandatory for an efficient extraction, must be adapted to
diatoms. So far, no comprehensive up- and downstream
process is described for the coproduction of EPA and fucox-
anthin based on diatoms yet. However, it is worth mention-
ing that recent publications show the possibility to influence
the product content as well as the volumetric productivity
of diatoms by adjusting specific operating parameters dur-
ing cultivation. Gao et al. [36] and Wang et al. [37] reported
an effect of the nitrogen level, the light intensity and the sal-
inity on the specific product content and volumetric pro-
ductivity of EPA and fucoxanthin using P. tricornutum. An
approach to extract both compounds as a lipid fraction with
“green” organic solvents from P, tricornutum was demon-
strated by Delbrut et al. [38]. In our study, both the cultiva-
tion as well as the subcritical pressurized liquid extraction
(PLE) from disrupted biomass of P, tricornutum were opti-
mized and an overall approach for the coproduction of both
compounds is given. PLE constitutes a very promising
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emerging technology for the extraction of lipids from
microalgae [39]. For PLE, a broad variety of organic sol-
vents providing different polarities can be used for extrac-
tion [35,40]. Recent publications indicate the high potential
of this extraction method, especially for the extraction of
polar lipids like fucoxanthin and EPA [30].

2 Materials and Methods

2.1 Organism, Precultures and Small-Scale
Experiments

P, tricornutum UTEX 640, UTEX 642 and UTEX 646, also
known as SAG 1090-1b, SAG 1090-1a and SAG 1090-6,
were obtained from the Culture Collection of Algae at Got-
tingen University (SAG). The screening experiments in
order to evaluate a suitable production strain were per-
formed in a screening photobioreactor platform (HDI0,
Cell-DEG, Germany) using 10-mL incubators on an orbital
shaking device at 250 rpm and 20°C. The photobioreactor
platform was described previously [41]. A constant photon
flux density of 10 umol ms™" was supplied to the cultures.
Starting at a cell density of OD;so = 1, a HRTT sensor
(HRTTS, Cell-DEG, Germany) for a noninvasive direct cell
density measurement was used to determine the specific
growth rate for a cultivation time of four days.

Preparatory cultures of P, tricornutum UTEX 640 were
cultivated in 250-mL Erlenmeyer flasks (100 mL culture vol-
ume) on an illuminated shaking device at 60 pmolm™s™
using modified Mann and Myers medium (described be-
low). They were transferred to 5-L borosilicate bottles
(Schott, Germany) when exceeding OD;s, = 4. The bottles
were equipped with a magnetic stir bar, additional carbon
dioxide supply (2 vol %) and were mixed by a magnetic agi-
tator. The cultures were diluted with culture medium once a
week, up to a final volume of 4 L and OD,5, = 3. These pre-
cultures served as an inoculum for experiments in the flat-
panel airlift photobioreactor (FPA-PBR).

2.2 Culture Media and Substrates

A modified Mann and Myers medium was used as culture me-
dium [42]. The culture medium is already described in Meiser
et al. [3]. Additionally, 20 mL L™ of a sterile trace element
solution consisting of 0.6gL™" boric acid, 0.22gL™" iron(III)
citrate, 0.22gL"" manganese(Il) chloride -4 H,0, 33 mgL™
zinc sulfate-7H,O, 0.7mg L cobalt(Il) nitrate - 6 H,O,
02mgL™" copper sulfate-5H,0, and 25mgL™" sodium
molybdate was added after autoclaving. Ammonium and
phosphate were added separately depending on the experi-
mental setup. For all precultures a concentration of 90 mg L™
ammonium and 60 mg L™ phosphate was added to the culture
medium prior to inoculation. Ammonium bicarbonate and
potassium dihydrogen phosphate were used to prepare the
corresponding ammonium and phosphate stock solutions.

www.cit-journal.com
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2.3 Cultivation of P. tricornutum in Flat-Panel Airlift
Reactors

Experiments were conducted in FPA-PBR as previously
described in detail by Bergmann et al. using artificial illumi-
nation [43,44]. The FPA-PBR (see Fig. 1) was developed by
the Fraunhofer Institute for Interfacial Engineering and
Biotechnology IGB, Stuttgart, Germany, and is currently
distributed by Subitec GmbH, Stuttgart, Germany [45].
Originally, it has been optimized for the outdoor cultivation
of microalgae and provides a high degree of automation
[46]. In comparison to conventional flat-panel bioreactors,
the FPA-PBR is equipped with static mixers providing an
optimized light distribution affecting all microalgae cells
due to a controlled, circular movement of the cells from the
unlit to the illuminated surface of the reactor [47]. Thus,
photolimitation and photoinhibition are strongly reduced
compared to other PBRs.
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Figure 1. Flat-panel airlift photobioreactor (30 L) with artificial
illumination and SPS control unit used for the cultivation of
P. tricornutum at Fraunhofer IGB, Stuttgart.

For cultivation, a repeated fed-batch process was used
with an initial biomass concentration of 6 g L™'. Every 24 h,
the culture was diluted to the initial biomass concentration
according to the daily increase in biomass. For all experi-
ments nitrogen- and phosphate was supplied to the cultures
daily, ensuring no limiting effects on microalgae growth. A
concentration for ammonia in between 70-150 mg L™" and a
phosphate concentration of 60-120mgL™" was kept con-
stant during all experiments. Depending on the experiment,
a constant biomass-specific light availability of 2, 5 or
8 UMOl(photons) & (dry weighy S within the PAR region (pho-
tosynthetic active radiation) was supplied according to
equation (1).
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PFD A

Ispec = m (1)

with Ij,e. = specific light availability [umol(phomns)g'l(dry
Weight)s’l], PED = photon flux density on the reactor surface,
A = illuminated reactor surface, V = reactor volume,
Cqw, = biomass concentration (dry weight).

The cultivation temperature was kept constant at 20 +1°C
and the pH value at 7.3 £0.1. Shifts in the pH value caused
by daily nutrient supply were compensated by controlling
the CO,/air ratio within the air supply of 0.3 vvm. Cells were
harvested during the cultivation process every day. Samples
were washed twice with double-distilled water by centrifuga-
tion (4000 rpm, 5min) to remove salts within the culture
media. The cells were frozen immediately and subsequently
freeze-dried. They were stored in the dark at -20 °C until fur-
ther analysis. For experiments concerning downstream pro-
cessing, larger amounts of P. tricornutum UTEX 640 biomass
were obtained from the pilot-scale plant at Fraunhofer Cen-
ter for Chemical-Biotechnological Processes CBP in Leuna.
The biomass was produced in 180-L FPA-PBR using very
similar cultivation conditions as described before [30].

2.4 Determination of Cell Dry Weight and
Substrate Concentrations

Cell dry weight was measured every 24 h during cultivation.
Therefore, 5mL of the culture was filtered (MN 85/70,
Macherey-Nagel, Germany) and washed twice with 5mL
H,O. The filter paper was dried at 105°C (MA 30, Sartor-
ius, Germany) and weighted (A7261 Delta Range, Mettler,
Germany). During cultivation, ammonium and phosphate
were controlled daily either with test stripes (Quantofix,
Macherey-Nagel, Germany) using an automated reader
(Quantofix Relax, Macherey-Nagel, Germany) or quantified
with colorimetric cuvette tests (type LCK049 and LCK339,
Hach-Lange, Germany) using a tabletop spectrophotometer
(Lasa 100, Hach-Lange, Germany).

2.5 Cell Disruption, Lipid Extraction and
Fractionation

Prior to the subcritical extraction of an EPA- and fucoxan-
thin-rich lipid fraction, P tricornutum biomass was dis-
rupted in a stirred ball mill as described in [30]. The dis-
rupted biomass was extracted with ethanol, acetone and
ethyl acetate at extraction temperatures between 25-200 °C
at a constant pressure of 100 bar using an Accelerated Sol-
vent Extractor (ASE 350, Thermofisher, USA). Extraction
cells with a volume of 5mL were used for the extraction of
1g of disrupted biomass. The static extraction time was
20 min. The method used for separation is described in [19]
(Fig.2).
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Figure 2. EPA- and fucoxanthin-rich lipid fraction (right)
extracted by PLE and purified fucoxanthin powder (>90 wt %)
(left).

2.6 Determination of Fatty Acid Profile and Fatty
Acid Content

The fatty acid content of the P, tricornutum biomass (refer-
ence) as well as the fatty acid content of the extracted lipid
fractions were analyzed according to the method of Lepage
and Roy [48] with slight modifications as described in [3].
Prior to GC analysis, the extracts were diluted with metha-
nol/acetyl chloride (20:1 v/v) for transesterification. Fatty
acid methyl esters (FAME) were analyzed using a Supelco
SBP-PUFA 30 mx0.32 mmx0.2 um column (24314, Sigma-
Aldrich, USA) in a gas chromatograph (7890A, Agilent,
USA) equipped with an FID detector. Results were com-
pared to a certificated C4,—C,4 FAME mix (Supelco-18919-
1AMP, Sigma-Aldrich, USA).

2.7 Determination of Fucoxanthin by HPLC

The carotenoid and chlorophyll content was determined
according to the method previously described in [49] with
slight changes. In brief, samples were analyzed with
reversed-phase HPLC using a Suplex pKb 100 (5pm,
250x4.6 mm) column (58934, Supelco, USA) and a Waters
photodiode array detector. For separation of carotenoids a
binary gradient with a flow rate of 1 mL min™" was applied.
The samples were diluted five times and injected with a vol-
ume of 20 pL. The mobile phase A consisted of methanol/
acetonitrile/2-propanol (54/44/2, v/v/v) and mobile phase B
of mobile phase A/water (85/15, v/v). The gradient cycle
started with a segment of 40 % A, followed by increasing A
to 80% at 10min and to 100% from 20 min to 28 min.
From 29 to 36 min the gradient was changed to 40 % A and
60 % B. Fucoxanthin was detected at 450 nm at a retention
time of 4.96 min. The concentration was calculated from
calibration curves prepared with an analytical standard
(16337, Sigma-Aldrich, USA).
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2.8 Statistical Analysis and lllustrations

The software OriginPro 2019b (OriginLab Corporation,
USA) was used for statistical analysis and to generate the
corresponding diagrams. All data sets were evaluated using
one-way ANOVA. Two sets of data were compared using
the t-test (p < 0.05). Small letters in the figures (see box
plots in Fig.3 and 4) describe significant differences
between different sets of data.

3 Results and Discussion

3.1 Comparison of Different P. tricornutum Strains

Nowadays, a lack of profound knowledge concerning suit-
able microalgae production strains as well as a dearth of
empiric data concerning the dependency of the EPA- and
fucoxanthin content in the biomass from the culture condi-
tions substantially hinders the production of both com-
pounds in industrial photobioreactors. Nevertheless, cur-
rent literature data show, that especially different strains of
P, tricornutum can provide high EPA and fucoxanthin levels
[24,50]. Furthermore, P.tricornutum is in particular suit-
able for cultivation in closed photobioreactors [3]. To evalu-
ate a promising production strain, the specific growth rate
as well as the EPA and fucoxanthin content of three differ-
ent P tricornutum strains were compared in a small-scale
photobioreactor platform (see Tab.1). In these small-scale
conditions, the strain P. tricornutum UTEX 646 provided
the highest growth rate of 0.31 + 0.1d™". The biomass-spe-
cific fucoxanthin content of P. tricornutum UTEX 642 and
UTEX 646 corresponds with data published previously
[51,52]. However, the results show that the fucoxanthin
content of P. tricornutum UTEX 640 (19.1 + 1.0mgg ') can
be substantially higher than reported for this specific strain
previously [53]. The EPA content of all three strains was in
accordance to literature and no significant differences were
observed [3, 54, 55].

3.2 Effect of Light Availability on the Fucoxanthin
and EPA Content

As previously reported, the fucoxanthin content of P, tricor-
nutum cells can change according to the light availability
during cultivation [6,7]. Nevertheless, the effect caused by
photoadaptation mechanisms on the biomass-specific prod-
uct content is not sufficiently quantified for diatoms in an
industrial photobioreactor yet. Fig.3 shows the volumetric
fucoxanthin productivity and the biomass-specific fucoxan-
thin content of P, tricornutum UTEX 640 as a function of
the specific light availability in a repeated fed-batch process
using an FPA-PBR.

Due to a higher overall biomass productivity at high light
settings (5 and 8 umol(Photons)g’ls’l) compared to low light

www.cit-journal.com
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Table 1. Specific growth rate, biomass-specific fucoxanthin and EPA content of
different P. tricornutum strains investigated in this study. Strains were cultivated
in a Cell-DEG membrane photobioreactor at 10 umol m™%s~" starting from

ODys5o = 1 as described before.

Strain

Growth rate u

Fucoxanthin content

EPA content

achieved at low light settings. These findings
correlate with previous observations made for
P, tricornutum on a molecular level [7] and are
in line with data published for the cultivation of
diatoms at reduced light intensity previously

[d") (Mg g™ (ry weight)) [mg g™ (ry weight) [11,37,56]. Our data show for the first time that

P tricornutum 025 + 0.1 191+ 10 198107 the phenomenon of light adaption is valid for
UTEX 640 this particular P, tricornutum strain (UTEX 640)
' and thus, it can be used for the production of fu-

[P} ;g;gzi”zt”m 026 0.1 103 +2.3 425+39 coxanthin-rich biomass with a biomass-specific
fucoxanthin content of up to 20.1 + 1.6mgg .

P tricornutum 031 £0.1 11.0+ 14 445023 An increased fucoxanthin content can be benefi-

UTEX 646

cial concerning downstream processing, since a

settings (2 umol(Photons)g_ls’l) the volumetric fucoxanthin
productivity increases. To the knowledge of the authors
224 + 7.6mgL™'d™" is the highest volumetric productivity
reported for the production of fucoxanthin with microalgae
yet. Nevertheless, the results reveal that an increased bio-
mass-specific product content (increase of around 20 %) is

smaller amount of biomass has to be disrupted
and extracted subsequently.

However, unlike fucoxanthin, the maximum biomass-spe-
cific EPA content of 40.2 + 2.2 mg g™ as well as the maximum
volumetric productivity of 542 + 153mgLd ™" were ob-
served at high light conditions (see Fig.4). Previous studies
concerning the relation of EPA and available light do not
supply clear evidence if either a low or a high light availability

40
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Figure 3. Volumetric fucoxanthin productivity Qgx (A) and biomass-specific fucoxanthin content wex (B) of P. tricor-
nutum UTEX 640 at a specific light availability of 2, 5 and 8 pmolghotons) g~'s7'. Box plots represent n > 15 samples
collected from n = 3 cultivations. Different small letters indicate significant differences (p < 0.05).
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Figure 4. Volumetric EPA productivity Qgpa (A) and biomass-specific EPA content wgpa (B) of P. tricornutum UTEX
640 at a specific light availability of 2, 5 and 8 umol(photons)g“s‘1. Box plots represent n > 15 samples taken from
n = 3 cultivations. Different small letters indicate significant differences (p < 0.05).
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is favorable in terms of a high EPA content. For instance,
Qiao et al. did not observe a significant effect of different
photon flux densities on the portion of EPA in the fatty acid
profile of P tricornutum [10]. In contrast, Liang et al
reported a decrease of EPA at an increased biomass concen-
tration during batch cultivation and thus, a reduced specific
light availability [57].

For EPA as well as fucoxanthin we determined that the con-
version of light into product significantly increases at a low
specific light availability. For example, in case of fucoxanthin
a light yield of 12.6 + 2.9 mg(fucoxamhin)mol_l(photons) at a
light availability of 2 umol(Photons)g’ls’l was obtained
Compared to 75 £ 2.7 mg(fucoxanthin)morl(photons) USing
8 umol(phmom)g'ls'l. This can be an important aspect con-
cerning the economic feasibility of a production process,
since energy input for light represents a main cost driver
when using artificial illumination for cultivation [58].

3.3 Downstream Processing

For the subcritical pressurized solid-liquid extraction of
fucoxanthin from freeze-dried biomass the highest yields
were observed with polar solvents like ethanol, ethyl acetate
and acetone (see Fig.5A). This corroborates the results
published by Kim et al. operating at comparable extraction
conditions [22]. The highest fucoxanthin yield of 16.2 +
0.5mgg™' was observed with ethanol at 100 °C using a sin-
gle extraction step. This extraction temperature is lower
than extraction temperatures previously evaluated for the
extraction of fucoxanthin by PLE from macroalgae [59].
Fig.5A furthermore shows that extraction temperatures
above 100 °C significantly decreased the yield. Even though
only little is known about the stability of fucoxanthin at high
temperatures, apparently degradation of the molecule might
be the reason for the decreasing yield [60]. Thus, the extrac-
tion temperature represents a trade-off criterion between a
high extraction capability and the avoidance of fucoxanthin
degradation. Further investigations revealed that the tempera-
ture optimum for PLE is around 90 °C assuming an extrac-
tion time of 20 min (data not shown). In general the results

indicate that the use of subcritical liquids greatly reduced the
amount of organic solvents compared to conventional extrac-
tion procedures like maceration [38]. In case of ethanol and
ethyl acetate, for example, 2.1 + 0.1 MgucoxanthinyML " (ethanal)
and 24 + 0.2 mg(fucoxanthin)mL’l(ethyl acetate) Were extracted
using PLE (see Fig. 5B). Thus, neglecting a reduced extraction
efficiency using less extraction solvent, a solvent/biomass
ratio of around 1:8 is hypothetically enough to completely
solve the entire fucoxanthin present in the biomass during
PLE. For maceration, solvent/biomass ratios of 1:10 were pro-
posed for the sequential extraction of P, tricornutum in larger
scales [38]. However, in contrast to a single extraction with
PLE as described here, this suggestion refers to two sold-lig-
uid extraction steps with an extraction time of at least 1 h.

Fig. 6 shows that the pressurized solid-liquid extraction of
EPA using the same extraction conditions as for fucoxan-
thin is possible with both, polar solvents like ethanol as well
as unpolar solvents such as n-hexane. However, the highest
EPA-extraction yield of 49.5 + 0.4mgg' was achieved at
100°C using ethanol, corresponding to an EPA extraction
yield of around 90 wt %. Nevertheless, it is noteworthy that
also n-hexane extracted a considerable amount of EPA.
Considering the general principle ,,similia similibus solvun-
tur® this is quite suprising since EPA is an integral part of
the glyco- as well as phospolipids in the thylakoid mem-
brane of P, tricornutum and both lipid classes are generally
classified as polar [31]. This leads to the assumption that
the extraction at temperatures of > 100°C might cause a
release of free fatty acids, which are subsequently being dis-
solved.

Summing up, PLE enables the co-extraction of an EPA-
and fucoxanthin-rich lipid fraction. Using solvents like
ethanol, both compounds can be extracted almost com-
pletely in a single extraction step with a contact time of
20 min. The ethanolic fraction (100°C) contains around
90wt % of fucoxanthin and EPA present in the biomass,
respectively. Based on those lipid fractions, both com-
pounds can be separated and purified. For this purpose,
methods described in literature are mainly based on multi-
ple liquid-liquid extraction and silica gel chromatography
[22,61,62] or, depending on the solvent used for extraction,

‘ = water - ethanol ---A--- acetone--v--- ethyl acetate - n-hexane|
201 100
A) B)
;I:n 151 o 75 3 =
£ v =]
E” o 5o § ) e Figure 5. Extraction yield
= >< E Yex (Y*ex compared to ref-
z é/ . = é v erence method) (A) and sol-
> ) Lys P> % | ventloading of fucoxanthin
Xex (B) using different sol-
e @ g M vents and temperatures for
0l—= | EFPURTSTRN n e 1o . . . PLE (p = 100 bar, t = 20 min).
25 100 150 200 25 100 150 200 Error bars indicate the
T [°C] T [°C] mean standard deviation
(n=3).
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| = water - ethanol -4~ acetone--v--- ethyl acetate---<--- n-hexane
100
B) A A o 4 -8
75— =
e
50 = g
I b L4 é Figure 6. Extraction yield
e = Yepa (Y*epa compared to
L5 P % e, . reference method) (A) and
solvent loading of EPA Xgpa
s (B) using different solvents
ol P —m il 8 . " ‘ B ) and temperatures for PLE
25 100 150 200 25 100 150 200 (p = 100 bar, t = 20 min). Er-
T [°C] T [°C] ror bars indicate the mean
standard deviation (n = 3).

on the separation of fucoxanthin by precipitation and filtra-
tion [19]. Here, it was possible to separate the fucoxanthin
from the EPA fraction by precipitation and filtration as a
powder (see also Fig.2) with a purity of about 90 wt % (data
not shown). Nevertheless, for a scale-up of PLE from lab to
industrial scale a general technical problem arises since a
bigger volume of organic solvent has to be heated to the
final extraction temperature. In lab scale, the preheating of
the solvent takes place in the extraction chamber in pres-
ence of the extraction material while heat energy is supplied
through the reactor jacket [63]. The investigations revealed
that this approach is not reasonable in larger scales since
especially fucoxanthin is very sensitive to heat and is
exposed to high temperatures for a too long period of time
during the heating process. To overcome this problem, it is
recommended to preheat the solvent in an additional heat-
ing chamber connected to the extraction chamber before
adding the preheated solvent to the biomass. Thus, the resi-
dence time of the biomass can be reduced.

In consideration of all results, a process approach for the
coproduction of fucoxanthin and EPA is proposed as shown
in Fig.7. Depending on the specific light availability used
for the cultivation of P, tricornutum in the FPA-PBR, either
a higher volumetric productivity or a higher biomass-specif-
ic fucoxanthin content can be achieved. A high product
content can be beneficial since less biomass has to be pro-
cessed in subsequent downstream processing. On the other
hand, a high volumetric productivity increases the overall
output of a cultivation plant. Anyway, after a mechanical
cell disruption step, which proved to be mandatory in order
to efficiently extract both compounds, fucoxanthin and
EPA can be extracted from dry P tricornutum biomass
almost completely using subcritical solvents, e.g., ethanol. It
is worth mentioning, that the residual biomass after extrac-
tion of the lipids is rich in proteins. Even though the pro-
teins might be degraded due to the high extraction tempera-
tures, the residual biomass can still serve as an amino acid
source for, e.g., animal feed. EPA and fucoxanthin contained

Light Culture media

High volumetric
productivity H p
— arvesting an
Cultivation g
> dewatering
Culture media erensey
and nutrients product content

Mechanical cell

disruption Drying

Purified
fucoxanthin

Separation

EPA-rich oil Solvent |,
eva poratlon

[ Lipid fraction

‘m

solvents

Disrupted and dried
P. tricornutum
biomass

Solid-Liquid-
Extraction

Protein-rich
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Figure 7. An approach for the up- and downstream processing of EPA and fucoxanthin using P. tricornutum.

www.cit-journal.com

© 2020 The Authors. Published by Wiley-VCH GmbH

Chem. Ing. Tech. 2020, 92, No. 11, 1780-1789



Chemie

Ingenieur  Research Article
Technik

1787

within the lipid fraction can be separated either by a combi-
nation of multiple liquid-liquid extractions and silica gel
chromatography or by precipitation and filtration [19,61].
Finally, two fractions, an EPA-rich oil as well as purified
fucoxanthin can be produced within this biorefinery
approach. In the near future, techno-economic assessments
are necessary to reveal, if the suggested process can compete
economically to the production of both compounds based
on conventional sources, i.e., marine fish oil (EPA) and
macroalgae (fucoxanthin). This scientific issue is currently
adressed in related research projects at Fraunhofer IGB,
Stuttgart, and information will be available soon.

4 Summary and Conclusion

The diatom P, tricornutum enables the coproduction of fucox-
anthin and EPA in high quantities. It is very suitable for flat-
panel airlift photobioreactors and can provide a high volu-
metric productivity and a high biomass-specific product con-
tent. During photoautotrophic cultivation, photoadaptation
mechanisms can be used to shift the product content of the
biomass and increase the fucoxanthin content. Nevertheless,
a high biomass productivity and thus a high product produc-
tivity generally requires a high specific light availability. This
is an economic issue since artificial illumination is a major
cost driver for microalgae production processes.

The results show that it is possible to separate both com-
pounds from the biomass by pressurized solid-liquid extrac-
tion using organic solvents, which can be used for food
applications according to current legislations [64]. Com-
pared to conventional extraction methods like maceration,
PLE proved to be less solvent consuming and a yield of
about 90 wt % for both compounds can be achieved within
a single extraction step. However, fucoxanthin showed to be
unstable at high extraction temperatures. After extraction
both compounds can be separated from the corresponding
lipid extracts into different fractions making them available
for different fields of applications, e.g., food or cosmetic
products.

Summing up, a comprehensive up- and downstream pro-
cess is available to produce both compounds as separate
fractions, but techno-economic assessments have to supply
evidence that this process can compete with traditional
methods relying on marine fish and macroalgae. In any
case, the concept of using light availability to optimize pro-
ductivity and product content enables the tailored produc-
tion of algae biomass. Additionally, microalgae are culti-
vated in a controlled environment. This is an advantage
compared to macroalgae, since there is always a risk that
the biomass is charged with toxins. Furthermore, when
using energy from renewable sources, it can be assumed
that a process based on microalgae is more sustainable,
since it can avoid the costly production of fish and super-
sedes the manual harvesting of macroalgae from the oceans.
However, this assumption can only be confirmed by an

Chem. Ing. Tech. 2020, 92, No. 11, 1780-1789

© 2020 The Authors. Published by Wiley-VCH GmbH

extensive life cycle assessment, which is already an essential
part of ongoing research projects.
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I Symbols used

Iipec [umolg™'s™'] specific light availability

Qrpa [mgL'd"]  volumetric EPA
productivity

Qpx [mg L'd"]  volumetric fucoxanthin
productivity

Xepa [mg mL™] solvent loading for EPA

Xex [mg mL™] solvent loading for
fucoxanthin

Y*Epa [%] yield of EPA compared
to reference method

Y¥ex [%] yield of fucoxanthin
compared to reference
method

Yrpa [mgg'] yield of EPA

Yex [mg g'l] yield of fucoxanthin

WEpA [mg g'l] biomass-specific EPA
content

WEX [mg g’l] biomass-specific fucox-

anthin content

I Abbreviations

DHA docosahexaenoic acid
EPA eicosapentaenoic acid
FPA-PBR flat-panel airlift photobioreactor

Fraunhofer CBP  Fraunhofer Center for Chemical-
Biotechnological Processes

Fraunhofer IGB  Fraunhofer Institute for Interfacial
Engineering and Biotechnology

PAR photosynthetic active radiation

PLE pressurized liquid extraction

PUFA poly-unsaturated fatty acid

SAG Culture Collection of Algae at
Gottingen University

UTEX University of Texas
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