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The microalgae Haematococcus pluvialis (H. pluvialis) is used for biotechnological production of the red
carotenoid astaxanthin. Astaxanthin synthesis involves the formation of a rigid cell wall that impedes
direct astaxanthin extraction into a solvent. During the subsequent downstream processing, the algal
broth is harvested by centrifugation, dried and mechanically disrupted; finally, astaxanthin is extracted
with supercritical CO,. In this study, an alternative extraction process was established, using a liquid—
liquid chromatographic column to directly extract astaxanthin from the fermentation broth into
a solvent. To achieve this, germination of H. pluvialis cyst cells was initiated, resulting in the release of
flagellated zoospores into the fermentation broth. It was shown that astaxanthin could be extracted from
the zoospores directly from the algal broth using different solvents; with ethyl acetate, yields reaching
85% were achieved in a shake-flask extraction. Using a liquid-liquid chromatographic column,

astaxanthin concentrations reaching 500 mg L' were obtained, corresponding to eightfold
Received 1st May 2019

Accepted 13th July 2019 concentration of the astaxanthin content in the fermentation broth. The mechanical cell disruption,

drying and extraction with supercritical CO, in the conventional astaxanthin production can be replaced

DOI: 10.1039/c9ra03263k by a direct astaxanthin extraction process, using a liquid—liquid chromatographic column. This allows
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Introduction

Astaxanthin (3,3’-dihydroxy-B,B’-carotene-4,4'-dione) is a red
carotenoid used as a dye in the aquaculture, poultry and
cosmetic industries."* It is a strong antioxidant, stabilising and
reducing free radicals.® Astaxanthin shows anti-inflammatory*®
and antidiabetic activity, and it has the potential to prevent
cardiovascular diseases.®” Additionally, astaxanthin exhibits
great potential for use in the pharmaceutical industry as it
shows anticancer activity.*'° Due to the above health benefits,
a significant increase in the demand for natural astaxanthin as
a dietary supplement and additive to cosmetic products is pre-
dicted. The total market cap of astaxanthin (synthetic and
natural) is expected to increase from $555.4 million in 2016 to
$2.57 billion in 2025. The price of natural astaxanthin is 2500-
7000 $ per kg."*

H. pluvialis is the best source of natural astaxanthin, con-
taining up to 4 wt%, compared to other sources such as Phaffia
rhodozyma (0.4 wt%), Euphausia pacifica (Pacific krill,
0.012 wt%) and Pandalus borealis (Arctic shrimp, 0.12 wt%).">**

The cultivation of H. pluvialis can be performed under pho-
totrophic, mixotrophic and heterotrophic conditions, usually
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direct astaxanthin extraction at the site of H. pluvialis production.

via a two-step process. After producing algal biomass in the
green stage under optimum growth conditions, astaxanthin
synthesis is initiated and performed under so-called stress
conditions. The astaxanthin synthesis is accompanied by
formation of a resistant cell wall. The astaxanthin synthesis may
be affected by light intensity and quantity, temperature, pH,
phosphate and nitrate deficiency, as well as by variation in salt
concentration.” The downstream process involves harvesting,
drying and mechanical disruption of H. pluvialis cysts followed
by astaxanthin extraction with supercritical CO,. A flow chart of
the biotechnological production of astaxanthin with H. pluvialis
is shown in Fig. 1.™

A major factor in terms of operating costs is harvesting of the
algal biomass, which accounts for up to 20-30% of the total
production costs.”® The high harvesting costs are due to the low
biomass concentrations reached in the cultivations, the small
cell diameter (2-40 pm) and the electronegatively charged cell
surface for pH 2.5-11.5, which creates a repulsive force that
holds the cells in suspension, as well as the high growth rates of
microalgae in comparison to crops, which necessitate high
harvesting frequencies."*™” To harvest H. pluvialis, gravimetric
settling, disk-stack centrifugation or a combination of both
processes is normally used.*®**

Subsequently, drying and mechanical cell disruption of the
algal cysts are performed. The sequence of these two steps can
be changed depending on the desired process."**> Mechanical
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Fig. 1 Flow chart of the biotechnological astaxanthin production from H. pluvialis.

cell disruption is mostly performed with bead mills, which have
the highest efficiency with biomass concentrations of 100-200 g
L71.17

After cell wall disruption, the broth must be rapidly pro-
cessed to prevent oxidation of the exposed astaxanthin. The
most common drying methods for microalgae are solar drying,
freeze drying and spray drying.**** Generally, spray drying is
used to dry high quality algal products such as astaxanthin,
where yields of around 95% are achieved based on the dry
biomass.”* The residual moisture in the dried biomass is about
5%.

Industrial astaxanthin extraction is performed with super-
critical CO,. This extraction method is often used to extract high
value non-polar substances from natural products. In
laboratory-scale experiments, the astaxanthin recovery was
increased from 45% to 70% by adding 10% ethanol as co-
solvent at 300 bar and 60 °C.** In industry, up to 1000 bar
must be used to achieve sufficient yields.*

In the current process for producing natural astaxanthin, the
mechanical cell disruption (bead milling), spray drying and
supercritical CO, extraction account for 20.6-32.3% of the total
energy requirement. This indicates enormous potential to safe
energy by replacing these steps. Additionally, extraction with

supercritical CO, is often performed by an external service
provider. This requires storage of the disrupted cells and
transport of the biomass. In addition to the danger of astax-
anthin degradation during storage and transport, the latter also
negatively impacts the total energy consumption of the
process.” The complex life cycle of H. pluvialis can be divided
into a motile and non-motile stage. Within these stages, the
cells can exist as motile cells, zoospores, non-motile cells and
aplanospores, whereby they can interconvert through sporan-
gium formation. Motile cells (Fig. 2a) are elliptical swimming
cells with two flagella. The cell size is usually 20-30 um.>* The
flagellated cells have a cell membrane (CM) and a gelatinous
cell wall, the extracellular matrix (ECM), which is characteristic
for volvocalean motile cells. The cell wall composition is pre-
sented schematically in Fig. 3.>* H. pluvialis motile cells are re-
ported to be present from only a few hours® up to seven days*
after being released from the sporangium. Under unfavourable
conditions, motile cells or zoospores released from the
sporangium lose their flagella and become non-motile aplano-
spores (Fig. 2b).2° Under prolonged stress conditions (including
high light intensity, high salt concentrations, nitrate and/or
phosphate deficiency), the non-motile cells start to accumu-
late astaxanthin in the middle of the cell (Fig. 2c) around the

Fig. 2 Proliferation of H. pluvialis: (a) motile, flagellated cell, (b) aplanospore, (c) astaxanthin-accumulating aplanospore, (d) red cyst cell, (e)
formation of a sporangium, (f) sporangium in the final stage, (g) zoospores released from the sporangium.
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Fig. 3 Structure of the motile zoospore cell wall: CM: cell membrane,
IFS: inner fibrillar strata, TCL: tripartite crystalline layer, OFS: outer
fibrillar strata, ECM: extracellular matrix. Structure of the red cyst cell:
CM: cell membrane, IS: interspace, SW: secondary wall, TLS: trilaminar
sheath.

Red cyst cell

nucleus until the whole cytoplasm is filled with it (Fig. 2d).>*
Transformation from the motile to the non-motile cell is
accompanied by changes in the cell wall structure (see Fig. 3). In
the final stage, the H. pluvialis cyst is delimited from the
periphery by a trilaminar sheath (TLS) as presented schemati-
cally in Fig. 3. The TLS contains acetolysis-resistant material, so-
called algaenan. The secondary cell wall (SW) consists of an
amorphous, electron-dense material and is 400-700 nm thick.
In the cyst stadium, the complex multi-layered cell wall gives H.
pluvialis high physical and chemical resistance.>*>*

When red cyst cells are exposed to favourable growth
conditions again, a new life cycle begins through sporangium
formation, as shown in Fig. 2e for red cyst cells. The sporan-
gium swells (Fig. 2f) until the cell wall breaks, releasing motile,
flagellated cells (Fig. 2g).>**® The cell cycle of H. pluvialis cysts
and the occurrence of different morphologies of released
zoospores were observed in 1899 by Hazen.”

Formation of the resistant cell wall in the cyst stage prevents
direct astaxanthin extraction. This is why the described,
complex downstream process is necessary in industry.*®
Inducing the germination and release of flagellated zoospores
from the sporangium of the red H. pluvialis cysts allows direct
astaxanthin extraction from the zoospores, e.g. into ionic
liquids or organic solvents.”** Sun et al.** showed that astax-
anthin can be extracted directly from germinated red H. plu-
vialis cells into various organic solvents. For instance, extraction
yields reaching 85% and astaxanthin concentrations of about
70 mg L~' were achieved with the water-soluble solvent
dimethyl sulfoxide (DMSO).** Praveenkumar et al.'> extracted
astaxanthin directly from germinated flagellated red zoospores
into an ionic liquid. An extraction yield of 82% was reached with
the ionic liquid [Emim]EtSO, 12 h after initiation of germina-
tion.'”> These extraction experiments were performed on a labo-
ratory scale. For industrial-scale extractions, where difficult
phase separation is expected, mixer-settler systems or centrif-
ugal extractors are used.*

Liquid-liquid chromatography units represent a suitable
alternative to conventional centrifugal extractors. Liquid-liquid
chromatography is a solid support-free chromatographic
method based on the distribution of solutes between two liquid
phases. One of the two liquid phases is held stationary in the
unit by a centrifugal force. The other phase, the mobile phase, is
pumped through the stationary phase. Through dispersion of

This journal is © The Royal Society of Chemistry 2019
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the mobile phase into the stationary phase, solutes with lower
partition coefficients travel faster through the column than
those with higher partition coefficients. Depending on the
partition coefficients of the solutes, solute separation or
extraction can be achieved. If the partition coefficient of a solute
is very high, the solute will take a long time to elute from the
column. This situation is unfavourable for chromatographic
separation but highly advantageous for extraction.** Liquid-
liquid chromatography units are classified as hydrodynamic
countercurrent chromatography (CCC) and hydrostatic centrif-
ugal partition chromatography (CPC) units. Numerous CCC
columns have been developed over the years by Y. Ito and are
described in detail in various publications.**?** Most CCC
systems are biaxial planetary coil centrifuges using open tubes
wound around coils that rotate in a planetary motion. The
planetary motion in the CCC coils changes the intensity and
direction of the centrifugal field. In high centrifugal fields,
phase demixing occurs, while during reversion of the centrif-
ugal field, the two phases mix and allow mass transfer ie.
extraction of the target compound from one phase into the
other.***” A CPC column is composed of alternately stacked
annular plates and annular discs. Chambers are milled into the
annular disks, and these chambers are linked by channels.
Between two annular discs, an annular plate connects the last
chamber of an annular disc with the next through a hole in the
annular plate. Annular discs and annular plates are alternately
placed on top of each other and mounted on the axis of
a centrifuge. A centrifugal force is generated by rotation, and
one phase is retained in the chambers (stationary phase, SP),
while another phase (mobile phase, MP) is pumped through the
column from chamber to chamber.?® If the mobile phase is the
denser phase (this mode is called descending mode), or in
centripetal direction if the mobile phase is the less dense phase
(ascending mode).*

CPC units have been used successfully to extract carotenoids
from algal and yeast cells. Marchal et al.*® used a CPC unit to
extract B-carotene from Dunaliella salina using decane with 5%
dichloromethane. After extraction and evaporation of
dichloromethane, further cultivation of the extracted cells was
possible.*® Ungureanu et al.** extracted torularhodin from the
yeast Rhodotorula rubra using a CPC unit. To make torularhodin
accessible to the solvent, the cell wall was disrupted by three
freeze-thaw cycles. To achieve this, the samples were frozen for
24 h and then heated to 50 °C prior to extraction with CPC.**

In this study, a new process for extracting astaxanthin from
H. pluvialis is presented. A CCC unit is used to directly extract
astaxanthin from zoospore-containing fermentation broth into
a solvent. Thereby, the steps of mechanical cell wall disruption,
drying and extraction with supercritical CO, of the conventional
astaxanthin downstream process can be replaced. Thus, a novel,
simplified downstream process is established.

Materials and methods
Chemicals and solvents

The chemicals used to extract astaxanthin from the red cyst cells
and zoospores, n-heptane (=99.9%), ethyl acetate (EtOAc)

RSC Adv., 2019, 9, 22779-22789 | 22781
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(=99.5%) and dichloromethane (DCM) (99.8%) were purchased
from Merck KGaA (Germany), methyl-tert-butyl ether (MTBE)
(>99.5%) from Honeywell (Israel) and butan-1-ol (=99.8%) from
VWR Chemicals (Germany). Deionised water was supplied by an
in-house network. HPLC analysis was performed using Milli-
pore 18 Mohm water, methanol (liquid chromatography grade)
from VWR Chemicals (Germany) and MTBE (>99.5%) from
Honeywell (Israel). The relevant physical properties of the
solvents used in this study are reported in Table 1. Solvents were
chosen according to their solubility in water, hydrophobicity
(log Poctanolwater) and enthalpy of vaporisation.

Microalgae and culture medium

Haematococcus pluvialis (SAG number 192.80) was obtained
from the Culture Collection of Algae at the University of
Gottingen, Germany. Bold Modified Basal Medium (BBM) was
used as culture medium. This was prepared by diluting 20 mL
BBM freshwater nutrient solution (50 x concentrate) from
Sigma-Aldrich (Germany) with 980 mL deionised water,
obtaining the following composition (per litre): 11.42 mg
H;3BO3, 25.0 mg CaCl,-2H,0, 0.49 mg Co(NO3),-6H,0, 1.57 mg
CuS0,-5H,0, 50.0 mg EDTA (free acid), 4.98 mg FeSO,-7H,0,
75 mg MgSO,-7H,0, 1.44 mg MnCl,-4H,0, 0.71 mg MoO;,
0.003 mg NiCl,-6H,0, 31.0 mg KOH, 0.003 mg KI, 175.0 mg
KH,PO,, 75 mg K,HPO,, 25 mg NaCl, 250.0 mg NaNO;,
0.002 mg Na,SeO3, 0.001 mg SnCly, 0.0022 mg VOSO, -3H,0 and
8.82 mg ZnSO,-7H,0. Additionally, 1.64 g of sodium acetate
(molecular biology grade, >99.0%) from VWR Chemicals (Ger-
many) was added to the medium. The pH of the culture medium
was 6.8.

Cultivation and encystment of H. pluvialis

Parts of the H. pluvialis colonies were transferred from an agar
plate into a 250 mL Erlenmeyer flask, and 150 mL culture
medium was added. The culture was cultivated on a shaking
plate at 175 rpm for 16 days at 24 °C until an optical density of
0.6 at 750 nm (ODs,) was reached. Light was continuously
supplied by one cool fluorescent lamp with a light intensity
(photon flux density) of 50 pmoL m™> s~ '. The broth was
subsequently transferred into a 2000 mL Erlenmeyer flask,
which was filled up with fresh culture medium (working volume
1600 mL) and incubated under the same conditions for 14 days.
This broth was used as an inoculum to cultivate 8 litres with an
initial OD;s, of 0.1 in a self-designed open pond. Water loss by
evaporation was compensated for once every 24 h by adding
distilled water. The open pond was illuminated continuously

Table 1 Physical properties of the tested solvents*?
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using two cool fluorescent lamps with a light intensity (photon
flux density) of 100 pmoL m™> s~ ' at 24 °C for 14 days. The
photon flux intensity was then increased to 300 pmoL m > s
for 10 days to enrich the cyst cells with astaxanthin. The OD5,
was measured with a SPECORD 50 Plus spectrophotometer

from Analytik Jena (Germany).

Inducing zoospore release from the H. pluvialis cyst cells

To induce zoospore release from H. pluvialis cyst cells, 300 mL
of the cyst culture broth was transferred into a 500 mL Erlen-
meyer flask and placed on the shaking plate (175 rpm) for 24 h
at a light intensity (photon flux density) of 50 umoL m~>s ™' and
24 °C. This step was performed to ensure similar starting
conditions for zoospore release experiments, as cysts stored for
different times were used during the study. The broth was then
centrifuged at 5500 rpm for 2 min, and the supernatant was
discarded. The cyst biomass was suspended in 100 mL fresh
culture medium to adjust the OD,5, to 1 and transferred into
a 250 mL Erlenmeyer flask.

Optimum extraction time for zoospore release from H.
pluvialis cysts

To determine the ideal time for extracting astaxanthin from the
released zoospores, two cyst cell cultures (culture 1 and culture
2) with a time gap of 8 h were prepared as described above. One
shake-flask extraction experiment was performed 0, 16, 24, 40,
48 and 64 h (culture 1) and 8, 32 and 56 h (culture 2) after fresh
culture medium was added to the cysts, i.e. zoospore release was
initiated. For the shake-flask experiments, aliquots of the broth
were centrifuged for 5 min at 5500 rpm with a Sigma 3-16KL
centrifuge from Sigma GmbH (Germany). Defined amounts of
the supernatant were discarded to adjust the OD;s, to 4. At each
of the above time points, 1 mL of the algal broth with an OD5,
of 4 was transferred into a 15 mL Falcon tube, 5 mL of MTBE
was added and the mixture was intensively shaken for 30 min
with a Multi Bio RS-24 shaker from Biosan (Latvia) at 24 °C. To
separate the phases, the mixture was centrifuged for 2 min at
5500 rpm; 4 mL of the astaxanthin-rich MTBE phase was then
withdrawn and evaporated with a Heidolph Hei-VAP rotary
vacuum evaporator from Heidolph Instruments (Germany). The
astaxanthin content in the extracts was quantified by HPLC.

Determination of the biomass concentration

The dry weight (DW) biomass concentrations were determined
in quadruplicate; 1 mL culture aliquot was transferred into
2 mL microcentrifuge tubes, centrifuged at 5500 rpm for 5 min

Solubility in water/g Lt 10g Poctanoliwater/— Enthalpy of vaporisation Ay,pH, (101.325 kPa, T = 25 °C)/k] mol !

n-Heptane 0.0024 (at 25 °C) 4.5

Butan-1-ol 80 (at 25 °C) 0.84
Methyl-tert-butyl ether (MTBE) 44 (at 20 °C) 0.84
Ethyl acetate (EtOAc) 87.9 (at 25 °C) 0.73
Dichloromethane (DCM) 17.6 (25 °C) 1.25

22782 | RSC Adv., 2019, 9, 22779-22789
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and washed with distilled water. The distilled water was dis-
carded after centrifugation at 5500 rpm, and the moist biomass
was stored at —80 °C and lyophilised with an Alpha 3-4 LSCbasic
freeze dryer from Martin Christ Gefriertrocknungsanlagen
GmbH (Germany). The freeze-dried samples were weighed, and
the biomass concentration was calculated.

Astaxanthin quantification

To determine the astaxanthin content in the algal broth, 5 mg of
the DW was disrupted with a mortar and pestle. The astax-
anthin from the disrupted cells was extracted by adding 10 mL
of DCM. The extraction was repeated three times until the cell
debris was colourless. The astaxanthin-rich DCM extract was
evaporated with the Heidolph Hei-VAP rotary evaporator and
saponified for 3 h at room temperature in the dark using the
method reported by Taucher et al.** Accordingly, 2.25 mL of
acetone, 0.25 mL of methanol and 0.5 mL of 0.05 M NaOH in
methanol were added to the extracted astaxanthin. Afterwards,
3 mL petroleum ether was added. The mixture was washed with
3 mL of 10 wt% aqueous NaCl solution and centrifuged for
2 min at 5500 rpm. The lower phase was then discarded, and the
washing step with the NaCl solution was repeated twice more.
The organic phase was evaporated, and the extracted astax-
anthin was dissolved in 3 mL of solvent B (methanol, MTBE,
water, 8 : 89 : 3, v/v), which was used in the HPLC method, and
filtered with a 0.22 pm disposable nylon syringe filter from
Berrytec (Germany).

The de-esterified astaxanthin samples were analysed with an
HPLC unit (LC-20AB, Shimadzu, Japan) with a diode-array
detector (SPD-M20A, Shimadzu, Japan) using a YMC Carot-
enoid column (C30, 3 um, 150 x 4.6 mm, YMC Co., Japan). As
the mobile phase, solvent A (methanol, MTBE, water, 81 : 15 : 4,

View Article Online
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v/v) and solvent B (methanol, MTBE, water, 8 : 89 : 3, v/v) were
used with the following gradient: 2% solvent B for 11 min,
a linear gradient from 2% solvent B to 40% solvent B for 7 min,
40% solvent B for 6.5 min followed by a linear gradient to 100%
solvent B for 2.5 min, 100% solvent B for 3 min, a linear
gradient to 2% solvent B for 3 min, held for 7 min. The flow rate
was 1 mL min ", the injection volume was 10 ul and the column
temperature was maintained at 22 °C. For the astaxanthin
quantification, a calibration curve was established with an
astaxanthin standard from Dr Ehrenstorfer GmbH (Germany).
The signal of the diode-array detector was recorded at 478 nm.
The limit of detection (LOD) and limit of quantification (LOQ)
were calculated according to DIN 32645, using the calibration
curve.” The calculated values of the LOD and LOQ were
1.85 mg L™" and 5.51 mg L™ ". Low concentrated fractions were
concentrated prior to HPLC analysis, to remain above the values
of the LOD and LOQ.

Extraction of astaxanthin with a countercurrent
chromatography unit

Astaxanthin extraction experiments were performed on a CCC
unit, model HPCCC-Mini Centrifuge with a column volume of
18.2 mL (0.8 mm i.d. and a @ value between 0.5 and 0.78) from
Dynamic Extractions (Wales). Two isocratic pumps, model 306
50C, from Gilson (USA), equipped with an 806 Manometric
Module (Gilson, USA) were used to deliver the mobile and
stationary phases. CCC extraction experiments were conducted
using MTBE as an extraction solvent. Accordingly, MTBE was
stirred for two hours with the culture medium at 24 °C. The
equilibrated biphasic system was split into an upper solvent-
rich phase and a lower culture-medium-rich phase using a sep-
aratory funnel. The phases were degassed in a Bandelin Sonorex

—

Loading and extraction
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Fig.4 Scheme of the astaxanthin extraction process using a CCC column: (a) equilibration of the CCC column, (b) injection of algal broth, (c—e)
extraction of astaxanthin from the zoospores into the solvent, (f) and (g) collection of astaxanthin-rich stationary phase (solvent).
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Digitec DT 512H ultrasonic bath from Bandelin Electronic
GmbH & Co. KG (Germany).

The process for extracting astaxanthin from the zoospores using
the CCC unit proposed in this work is presented schematically in
Fig. 4. The CCC unit was prepared by filling the column with the
solvent-rich phase (the stationary phase). Rotation was set and the
culture medium, saturated with MTBE (the mobile phase), was
pumped in the descending mode with a defined flow rate (Fig. 4a).
Depending on the set flow rate and rotational speed, a certain
amount of stationary phase was displaced from the column. After
hydrodynamic equilibrium was reached in the column, ie. the
stationary phase volume was constant, the biomass containing
zoospores was injected into the column via an injection loop
(Fig. 4b). The mobile phase was further pumped in the descending
mode into the CCC column, the fermentation broth was dispersed
and mixed with the solvent-rich phase and the astaxanthin from the
zoospores was extracted into the solvent-rich phase (Fig. 4c and d).
After a predefined switching time, #gicch, the stationary phase was
pushed out of the column (Fig. 4e). This was achieved by changing
the flow direction of the mobile phase, switching from the
descending mode to the ascending mode. In Fig. 4g and f, the
fractionated stationary phase is shown, numbered starting with the
most concentrated fraction. Aliquots of the collected fractions were
pipetted into round bottom flasks, evaporated and further pro-
cessed to analyse the astaxanthin content using HPLC.

The shortest switching time, tgitcho, Was calculated
according to eqn (1).
Ve + Vinjecri
Iswitcho = w (1)

Vmp is the volume of the mobile phase in the column, F is the
flow rate of the mobile phase and Vijjection is the injected
volume of the zoospore biomass. Eqn (1) gives the time required
for the extracted biomass (cells) to leave the CCC column
(Fig. 4e).

The volume fraction of the stationary phase in the column, called
the stationary phase retention S, was calculated using eqn (2).

Sf _ VSP (2)

Vcolumn

Vsp is the volume of the stationary phase in the column with
volume V_olumn-

The yield Y is conventionally defined as the ratio of the
astaxanthin mass marxr extracted into a solvent through the
extraction process to the total amount of astaxanthin in the
biomass injected in the column, i.e. in the feed, marx r.

Y = MATX.E (3)
MATX F

Astaxanthin cannot be extracted from cyst cells. Hence, the
extracted amount of astaxanthin (marx,g) in eqn (3) depends on
the amount of released zoospores present in the algal broth,
namely, the time for which the extraction experiments were
performed. Therefore, to obtain more representative results, the
yield Yexiract, Which considers the actual extractable amount of
astaxanthin from the algal broth, was defined.
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MATX E
Yextract = (4)
MATX extractable

Where marx extractable 1S the extractable amount of astaxanthin
from the algal broth. To determine the extractable amount of
astaxanthin, a shake-flask extraction experiment was performed
for every single experiment. The amount of astaxanthin
extracted into the solvent (arx extractable) from the algal broth
used in each experiment was then determined with HPLC.

Results and discussion
Determination of the optimum extraction time

As mentioned above, direct astaxanthin extraction from H.
pluvialis cyst cells using an organic solvent is impossible due to
the thick cell wall. To overcome this problem, germination was
induced by adding fresh culture medium to the red cyst cells.
This led to release of zoospores with only a thin cell membrane
and an extracellular matrix as a boundary to the environment
(see Fig. 3). Direct astaxanthin extraction from these zoospores
into a solvent is possible. As shown in the literature, induction
of germination and zoospore release from H. pluvialis cysts or
aplanospores is highly dependent on the cultivation conditions,
particularly the medium composition and light inten-
sity.'»***”>° Therefore, the optimum time for astaxanthin
extraction must be determined for the cultivation conditions
used in this work. This was done by shaking 1 mL of the algal
broth with an OD;5, of 4 with 5 mL of MTBE in a Falcon tube for
30 minutes at the shown time intervals and subsequently
centrifuged. The astaxanthin content in the algal broth, marx r,
before the extraction, the extracted amount of astaxanthin,
Mmarx,p, and the corresponding yield Y for different extraction
times, i.e. the time after induction of germination of the cyst
cells by adding a fresh medium, are presented in Fig. 5. The
optimal time for extracting astaxanthin from the released
zoospores was determined to be between 24 and 32 h after fresh
culture medium was added to the cyst cells. In this time frame,

0.16 70
BmATX,E
oY [

16 24 32
t/h

40 48 56 64

Fig. 5 Shake-flask experiments with the solvents butan-1-ol, n-
heptane, MTBE, EtOAc and DCM (from left to right) with cyst cells and
24 h after germination was induced by adding new culture medium to
the H. pluvialis cysts.
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the yield reached approximately 60%. At 40 h, the yield
decreased to 31% and then to 17%, 64 h after germination was
induced. The astaxanthin content in the algal broth remained
constant within the investigated time range. The decrease in the
yield after 32 h was caused by morphological changes in the
motile zoospores. After 32 h, the number of zoospores that lost
their flagella and became non-motile again increased. As re-
ported for green motile H. pluvialis zoospores,**® the trans-
formation into non-motile cyst cells is accompanied by the
formation of a primary wall, a trilaminar sheath and
a secondary wall. While zoospore cells can be stained with
aniline blue (789.91 g mol ') in lactophenol, the trilaminar
sheath was found to be a barrier to this dye.”® trans-Astaxanthin
has a molecular weight of 596.85 g mol™" and represents
around 5% of the astaxanthin in H. pluvialis. The astaxanthin
mono- and diester have molecular weights of 855 to 1128 g
mol ' and represent 95% of the astaxanthin in H. pluvialis.
They are larger than aniline blue and consequently cannot pass
the trilaminar sheath. This is consistent with the results at t =
0 h (only H. pluvialis cysts available) where, with yields of
around 3%, almost no astaxanthin was extracted from the cyst
cells. The time span before the motile zoospores became non-
motile again was reported to range from only few hours® to
seven days,” but is strongly dependent on the chosen culture
conditions.” Consequently, germination for the subsequent
extraction experiments was planned for 24 to 32 h after
initiation.

Solvent selection

After determining the optimal time for astaxanthin extraction
from the released zoospores, the solvent for extraction with
a CCC column must be selected. In the proposed extraction
process (see Fig. 4), the solvent is used as a stationary phase and
retained inside the column using a centrifugal field. Hence,
ideally the solvent should fulfil the following criteria: it should
show high stationary phase retention in the column at high flow
rates, so that a large amount of astaxanthin can be extracted per
extraction run. The solvent should be almost immiscible with
water in the fermentation broth. It should be able to extract
astaxanthin from the cytoplasm of the released zoospores.
Additionally, it should have a low evaporation enthalpy to allow
low-cost solvent recovery.

For this study, n-heptane, butan-1-ol, EtOAc, MTBE and DCM
were tested for their ability to extract astaxanthin from the
released zoospores. The use of green solvents allows environ-
mentally friendly liquid-liquid extraction processes to be
established.*® According to the ‘Pfizer Solvent Selection Guide’,
EtOAc and butan-1-ol are ranked as ‘preferred’, n-heptane and
MTBE as ‘usable’ and DCM as ‘undesirable’ solvents.*®*” The
ability of the solvents to extract astaxanthin were tested using
cells in the cyst stadium and 24 h after germination was
induced by adding a fresh medium to the cyst cells. Fig. 6 shows
the distribution of astaxanthin between the solvents butan-1-ol,
n-heptane, MTBE, EtOAc and DCM, after mixing 5 mL of each
solvent with 1 mL algal broth at the mentioned time points. The
astaxanthin concentration in the solvents was determined and
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Fig. 6 Astaxanthin content in the algal broth marxf (before the
extraction), in the solvent maty e (after the extraction) and 24 h after
new culture medium was added to the cyst cells, i.e. germination was
induced. Solvents (from left to right): butan-1-ol, n-heptane, MTBE,
EtOAc and DCM.

the corresponding yield (Y) was calculated. The yields for all
tested solvents were below 1% when the cells were in the cyst
stadium. The yield for the extraction was highest with EtOAc
(85%) 24 h after inducing germination. The order of the yields
achieved with the tested solvents was as follows:

[EtOAc, 85%] > [DCM, 76%] > [MTBE, 49%)] > [butan-1-ol, 44%]
> [n-heptane, 2%)]

In contrast to the reported yield of 65% for astaxanthin
extraction from wet germinated H. pluvialis cells with n-
hexane,* almost no astaxanthin extraction from released H.
pluvialis zoospores was possible with n-heptane in our study.
This was due to the poor solubility of n-heptane (as well as n-
hexane) in water (see Table 1), resulting in poor contact between
the water-rich H. pluvialis zoospore phase and the solvent.
Conversely, when dewatered biomass is used, sufficient contact
of the biomass with n-hexane might be possible. The relatively
low yield with butan-1-ol could be due to the high solubility of
water in this solvent (around 20 wt% at 20 °C), which might
limit the capacity of the solvent for non-polar astaxanthin. Also,
the high viscosity (2.57 mPas at 25 °C) of butan-1-ol may reduce
diffusion into the cell.

Considering the obtained yields and its classification as
a green solvent, EtOAc is the most promising solvent for
extraction with a countercurrent chromatography unit. At a flow
rate of 1 mL min~" and a rotational speed of 1900 rpm, the
EtOAc-rich phase could not be retained in the CCC column used
in this study. The EtOAc/water system is reported in the litera-
ture to be extremely stable as a result of the ratio of its inter-
facial tension to density difference between the phases. This
parameter ratio is commonly used in liquid-liquid chroma-
tography for describing the flow regime.*® Additionally, the
EtOAc water system has an extremely low bond number of 0.03.
This dimensionless value sets the gravitational force that acts
on a liquid in relation to the surface tension force. For small
bond numbers, the dispersed droplets are stable. Consequently,
the droplets tend to be less dispersed in the stationary phase,
causing the mobile phase to displace the stationary phase from
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the column.*® Therefore, MTBE was chosen as solvent for the
extraction over DCM and butan-1-ol as the former is ‘undesir-
able’ with respect to green solvent classification and the latter
has a low vapor pressure (13.3 mbar at 30 °C), which makes it
difficult to evaporate after extraction. It is noteworthy that the
stationary phase retention is column-specific (type, design and
size). For example, the EtOAc-rich phase shows good retention
in centrifugal partition chromatographic columns* and hence
should not be excluded as a potential solvent for extracting
astaxanthin from algal broth.

CCC experiments

After the solvent selection, the operating parameters for the
astaxanthin extraction from the germinated H. pluvialis cells
must be selected. The flow rate and rotational speed influence
the stationary phase retention and dispersion of the mobile
phase in the stationary phase, ie. the germinated cells
(zoospores) in the solvent-rich phase.**' Variations in the
rotational speed (1500 and 1900 rpm) and flow rate (0.5 and 1.0
mL min~") were initially investigated to determine the
stationary phase retention, defined by eqn (2).

As shown in Table 2, applying the highest rotational speed of
1900 rpm and the lowest flow rate of 0.5 mL min~ " used in this
study results in the largest stationary phase retention of 72.53%.
A decrease in the rotational speed to 1500 rpm at a flow rate of
0.5 mL min~* only resulted in a slight decrease in the stationary
phase retention to 71.43%. At a certain flow rate, increasing the
rotational speed does not further increase the stationary phase
retention.>® At 1900 rpm, an increase in the flow rate to 1.0
mL min~" decreased the stationary phase retention to 64.3%. A
hydrodynamic equilibrium exists between the mixing and
demixing zones of the countercurrent chromatographic
column, when the residence time of the mobile phase equals
the settling time of the two phases. Consequently, by increasing
the flow rate, the residence time of the mobile phase was
reduced and more stationary phase was discharged from the
column.”® An even larger decrease in the stationary phase
retention from 71.4% to 43.4% could be observed when the flow
rate was increased from 0.5 to 1.0 mL min~" at a rotational
speed of 1500 rpm. Due to the weaker gravitational field acting
on the stationary phase at 1500 rpm compared to that at
1900 rpm, an increase in the flow rate causes a larger loss of the
stationary phase at 1500 rpm than at 1900 rpm. Generally, in
countercurrent chromatography, at a fixed rotational speed, the
stationary phase retention decreases linearly with the square
root of the flow rate.”

Table 2 Stationary phase retention of MTBE at rotational speeds of
1500 and 1900 rpm and low rates of 1 and 0.5 mL min~*

w/rpm F/mL min™" St/ %
1900 1.0 64.3
1900 0.5 72.5
1500 1.0 43.4
1500 0.5 71.4
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Fig. 7 Astaxanthin concentration of the collected fractions under the
two operating conditions (0.5 mL min™ and 1900 rpm, 1.0 mL min~!
and 1900 rpm).

For the process, a high flow rate and stationary phase
retention are preferred. High flow rates allow good dispersion of
the mobile phase in the stationary phase, enhancing the mass
transfer of astaxanthin into the solvent. Due to the low
stationary phase retention of 43.41% at 1500 rpm and 1.0
mL min ™, the influence of the flow rate on the yield Yexerace and
the astaxanthin concentration in the extracted fractions was
determined only at 1900 rpm for 0.5 and 1.0 mL min .

Under each of the two operating conditions (0.5 mL min~
and 1900 rpm, 1.0 mL min~' and 1900 rpm), 2 mL of the
biomass containing zoospores with an OD5, of 4 (cpw = 13.25 ¢
L") was injected, after equilibrating the column with culture
medium (saturated with MTBE). After time tgyitcn 0, calculated
according to eqn (1), the flow direction of the mobile phase was
changed by switching from the descending to the ascending
operating mode (see Fig. 4e and f). Fractions of 0.5 mL were
collected until the MTBE-rich stationary phase was pushed out
of the column.

The astaxanthin concentrations in each fraction were
determined by HPLC and are presented in Fig. 7. The astax-
anthin concentrations in the fractions collected during the
experiments performed using a rotational speed of 1900 rpm
and a flow rate of 1.0 mL min " were higher than those per-
formed with a flow rate of 0.5 mL min~ . All collected fractions
were analysed with HPLC to determine the extracted amount of
astaxanthin, marxg. A yield Yexrace Of 83% was reached for
a mobile phase flow rate of 1 mL min !, while Yexrace Wwas only
43% for a flow rate of 0.5 mL min ™. The lower yield may be due
to reduced mixing and mass transfer of astaxanthin from the
zoospores into the solvent at lower flow rates. Thus, the

1

Table 3 Examined switching times for the two injection volumes of
0.5and 2.0 mL

Vinjection/mL tswitch,O/min tswitch/min
0.5 6.9 18.9 36.9
2.0 8.4 20.4 38.4

This journal is © The Royal Society of Chemistry 2019
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(Left) Extracted amount of astaxanthin marx e, the mass of astaxanthin in the injected feed marx r and the yield Y for injection volumes of

0.5 and 2.0 mL and different times, tswitch. (Right) Collected fractions of the CCC experiments with (a) an injection volume of 0.5 mL (tsyitcnh = 18.9

min) and (b) an injection volume of 0.5 mL (tsyitch = 36.9 min).

following experiments were performed at a flow rate of 1
mL min~ ' and a rotational speed of 1900 rpm.

To study the influence of the switching time on the extrac-
tion process (Fig. 4e and f), the time for switching from the
descending to ascending mode was extended. For each of the
two injection volumes, 0.5 and 2.0 mL, three experiments were
performed with switching times equal to Zswitch,0 and for two
longer switching times, ¢gyitch, Shown in Table 3.

The astaxanthin content in the injected biomass (zoospores)
Matx F, the astaxanthin content in the collected fractions marx r and
the yield Y are presented in Fig. 8a. Except for a switching time of
20.4 min, where a yield of about 40% was reached, yields of around
30% were achieved for all other switching times. The deviation at
20.4 min is due to experimental error during preparation of the
extract for HPLC analysis, as many steps are required for the sample
preparation. The collected fractions for an injection volume of
0.5 mL and switching times of 18.9 and 36.9 min are presented in
Fig. 8a and b. The astaxanthin concentrations measured in the first
collected fraction were 5.6 and 5.04 MEseaxanchin L+ for switching
times of 18.9 and 36.9 min. The concentrations in fractions 2 and 3
were determined with UV/VIS spectroscopy at 478 nm as one 160
and one 30™ of the concentration in the first fraction. The constant
yields achieved for different switching times show that tgyitcn o (time
needed for the extracted cells to leave the column) is sufficient for

600
® algae broth
_ 500 A .
0 fraction 1
%0 400 | mfraction 2
~ 300 | Eremaining fractions

10 mL

v

injection

Fig. 9 Astaxanthin concentrations reached in the first, second and
remaining fractions of the three injection volumes, 2, 5 and 10 mL, as
well as the injected astaxanthin concentration of the algal broth.

This journal is © The Royal Society of Chemistry 2019

the extraction. Therefore, in the following experiments, a switching
time Zgwiceno (€qn (1)) was used to ensure low process times. The
concentration profiles of the collected fractions show that large
parts of the solvent are not loaded with astaxanthin. Thus, in
subsequent experiments, the objective was to increase the astax-
anthin concentration in the collected fractions by increasing the
injection volumes to 2, 5 and 10 mL. The astaxanthin concentra-
tions of the injected zoospore-containing fermentation broth and in
the collected fractions after extraction are presented in Fig. 9. In this
experiment, a fermentation broth composed of germinated cells
with an OD-5, of 4 was used. The astaxanthin concentration in the
algal broth was 65 MZustaxanthin L~ The concentration of astax-
anthin in the first collected fraction increased from 47 to 507
MEstaxanthin L+ With an increase in the injection volume from 2 to
10 mL. For the 10 mL injection volume, an eight-fold increase in the
astaxanthin feed concentration was obtained in the first fraction.
The average concentration of astaxanthin in all collected fractions
(total stationary phase volume) was 90 MEastaxanthin L - This
concentration exceeded the highest concentration achieved by Sun
et al* for extracting astaxanthin from wet biomass, where the
highest concentration of around 75 Mgstaxanthin L' was obtained
with a solvent mixture of dimethyl sulfoxide/acetone (4 : 1, v/v). The
productivity, calculated as the mass of extracted astaxanthin per
unit column volume and unit time, increased from 0.034 Zastaxanthin
L 'ht (Vinjection =2 l'I'lL) t0 0.071 Zastaxanthin L 'ht (Vinjecﬂon =5
mL) and 0.086 Zastaxanhin L~ h™" (Vinjection = 10 mL). The yield Y
was around 70% in all experiments.

Conclusion

The astaxanthin accumulation in the microalgae H. pluvialis is
accompanied by the synthesis of a rigid cell wall, which
prevents direct dye extraction from the cell. Thus, complex
downstream processing is necessary in the current industrial
process. This involves harvesting of the biomass by centrifu-
gation, mechanical cell disruption, drying and supercritical
astaxanthin extraction with CO,.**

In this study, an industrially scalable liquid-liquid extrac-
tion method allowing direct astaxanthin extraction from H.

RSC Adv., 2019, 9, 22779-22789 | 22787
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pluwvialis zoospores from a fermentation broth into a solvent is
presented. The process concept was tested using a lab-scale
column. A study of the influence of the process operating
parameters was performed to better understand the process
governing phenomena and parameters. The solvents EtOAc,
MTBE, DCM and butan-1-ol were able to extract astaxanthin
from the zoospore containing algal broth in shake-flask exper-
iments. Unfortunately, stationary phase retention could not be
obtained with the green solvent EtOAc in the CCC unit used in
this investigation. Therefore, MTBE was selected for the
extraction experiments instead. It is likely that the process can
be transferred to a different liquid-liquid chromatography unit
in which EtOAc could be used instead.

In choosing the operating parameters, a compromise must
be found between a large stationary phase retention of the
solvent in the unit and the dispersion of the algal broth in the
solvent. A prolongation of the extraction time beyond the time
needed for elution of the extracted cells from the column did
not result in an increase of the yield, only in a longer process
time. By increasing the injection volume, the productivity of the
process could be significantly increased, attaining astaxanthin
concentrations up to 500 mg L™ " in the collected fractions.

Assuming a column volume of 12.5 L and a stationary phase
retention of 60% at a flow rate of 1 L min~ ", a total process time
of around 48 min can be estimated including filling of the
column with solvent, equilibration of the column with the mobile
phase, loading and extraction time and emptying of the column
for fractionation. A capacity of 11.25 kg astaxanthin can be pro-
cessed, assuming an astaxanthin solubility of 500 mgastanxthin
Lowent - and 2400 working hours (300 working days of 8 h).

The use of a liquid-liquid extraction plant would allow
astaxanthin extraction at the H. plwvialis production site,
avoiding transport of dried biomass to a third-party service
provider for supercritical CO, extraction. Admittedly, when
using solvents, an additional process step must be included for
their recovery by distillation or disposal by incineration. The
proposed process is an interesting option for small and new
market participants, as it excludes mechanical cell disruption,
drying and supercritical extraction with CO,.

With this study, a proof of concept of an alternative extrac-
tion process for the downstreaming of H. pluvialis was
demonstrated. Currently, we are working on transferring the
process concept to a preparative-scale liquid-liquid chromato-
graphic column and optimising the process conditions for the
germination of H. pluvialis. Additionally, a cost analysis will be
performed to calculate the process economic feasibility.
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