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Abstract

In recent years, there has been increasing consumer interest on carotenoids particularly of
marine sustainable origin with applications in the food, cosmeceutical, nutritional supplement
and pharmaceutical industries. For instance, microalgae belonging to the genus Tetraselmis
are known for their biotechnologically relevant carotenoid profile. The recently isolated
marine microalgal strain Tetraselmis sp. CTP4 is a fast-growing, robust industrial strain,
which has successfully been produced in 100-m?® photobioreactors. However, there are no
reports on total carotenoid contents from this strain belonging to T. striata/convolutae clade.
Although, there are several reports on extraction methods targeting chlorophytes, extraction
depends on the strength of cell coverings, solvent polarity and the nature of the targeted
carotenoids. Therefore, this article evaluates different extraction methods targeting
Tetraselmis sp. CTP4, a strain known to contain a mechanically resistant theca. Here, we
propose a factorial experimental design to compare extraction of total carotenoids from wet
and freeze-dried microalgal biomass using four different solvents (acetone, ethanol, methanol
or tetrahydrofuran) in combination with two types of mechanical cell disruption (glass beads
or dispersion). The extraction efficiency of the methods was assessed by pigment contents
and profiles present in the extracts. Extraction of wet biomass by means of glass bead-
assisted cell disruption using tetrahydrofuran yielded the highest amounts of lutein and p-
carotene (622 + 40 and 618 + 32 pug g* DW, respectively). Although acetone was slightly
less efficient then tetrahydrofuran, it is preferable due to its lower costs and toxicity.
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Introduction

Carotenoids are synthesized by all photosynthetic organisms, as they play important roles in
light harvesting and photoprotection [1]. They are composed of a 40-carbon isoprenoid
backbone, responsible for colours ranging from yellow to red. Carotenoids are lipophilic
compounds that can be divided into two groups: carotenes—non-oxygenated hydrocarbons
(e.g., a-carotene and p-carotene)—and xanthophylls—molecules containing oxygenated
groups as, for example, lutein, violaxanthin, zeaxanthin and astaxanthin.

Recently, intensive research has been carried out to produce carotenoids from biological
sources, mainly due to the importance of these pigments in terms of human health (e.g.,
decreased risk of degenerative and cardiovascular diseases, possible cancer prevention or
cataracts) and nutrition [2-4]. Furthermore, carotenoids find their applications in
biotechnology as antioxidants, colorants for aquaculture feed and food, as well as ingredients
for cosmeceuticals and pharmaceuticals [5, 6]. Borowitzka et al. (2013) estimated the global
market value of carotenoids to be about 1.2 billion USD, with g-carotene, lutein and
astaxanthin representing approximately 60% of the total market. Microalgae are a promising
biological resource of high-value biomolecules such as carotenoids, vitamins and
polyunsaturated fatty acids [6]. These microscopic, mainly photosynthetic organisms, display
high photosynthetic efficiencies, fast growth rates and are cultivated in large photobioreactors
with high productivities of metabolites [8].

Carotenogenesis in microalgae occurs in the chloroplast from where the synthesized
compounds are transported to different locations inside the cells. Carotenoids that are
important for light-harvesting are located in thylakoid membranes, whereas other carotenoids,
such as p-carotene and astaxanthin, are bound to lipids inside either cytosolic or plastidial
lipid droplets, which may have a protective function by precluding the photooxidation of
cellular components, in particular under unfavourable conditions [9, 10]. However, the
precise location of biosynthesis and storage of a given carotenoid is highly dependent not
only on the genetics of the microalgal strain, but also on the growth conditions.

For an efficient extraction process, it is essential to ensure the complete disruption of the cell,
including cell coverings, plasma and plastidial membranes, which are important barriers
preventing the release of the pigments to the solvent. Furthermore, differences in the
composition of these cell structures need to be considered. For example,

Tetraselmis microalgae are known for their theca, a cell covering derived from the fusion of
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primitive scales and known for its mechanical strength [11, 12]. Cell disruption can be
achieved by mechanical (e.g., pestle/mortar, bead milling, ultrasound, and homogenizers) or
non-mechanical (e.g., freezing/thawing, heating, osmotic shock, and alkaline lysis) methods
[13]. Aside from efficient cell lysis, another crucial factor in any extraction procedure is the
choice of the extracting solvent system. The ideal solvent needs to be able to penetrate the
microalgal cells and show high affinity to carotenoids. Polar solvents such as acetone, ethanol
and methanol extract xanthophylls more efficiently, whereas chloroform, hexane and
tetrahydrofuran (THF) are non-polar solvents with higher affinity to carotenes and esterified
carotenoids [14]. Besides the solubility of carotenoids in the solvents, its price and toxicity
are important criteria for the selection of a given solvent for an industrial process. Moreover,
it is important to minimize the degradation of carotenoids at all steps of the process. These
pigments once outside the microalgal cell are very sensitive to UV radiation, oxygen and high
temperature [14, 15]. Although pigment extraction is a common effort in microalgal
biotechnology, a literature search (Table 1) on extraction methods of microalgal carotenoids
revealed the inexistence of a common extraction protocol. Furthermore, for the same genus
different protocols are applied, highlighting the importance of the development of carotenoid
extraction method for each microalgal strain. In this study, the microalga Tetraselmis sp.
CTP4, a robust and euryhaline species, recently isolated from the Ria Formosa in Faro,
Portugal was selected [16]. This fast-growing species displays lipid contents of up to 33% of
its dry weight with properties suitable for biodiesel production [16]. Furthermore, it has been
successfully grown semi-continuously in industrial photobioreactors and harvested by natural
settling, resulting in a biomass paste with only 20% of water within 6 hours [17]. Thus,
Tetraselmis sp. CTP4 is a good candidate for the co-production of biofuels and high-value
products using a biorefinery approach. Therefore, the present work is focused on the
optimization of carotenoid extraction, particularly the commercially important lutein and f-

carotene from a mechanically robust microalga.

Table 1. Carotenoid extraction protocols from microalgal biomass found in the literature.

Type of

Species biomass Cell disruption Solvent system Ref.

Chlorophyta

Botryococcus braunii freeze-dried  pestle and mortar ethanol:water (3:1) [18]

Chlorella vulgaris freeze-dried  pestle and mortar ethanol:water (3:1) [18]
sonication methanol:water (9:1) [19]
glass beads 100% acetone [20]



Chlorella zofingineses
Coelastrella sp. F50

Dunaliella salina

Dunaliella tertiolecta

Haematococcus pluvialis

Neochloris oleoabundans

Parachlorella kessleri
Scenedesmus obliquus
Tetraselmis chui

Tetraselmis gracilis
Tetraselmis marina

Tetraselmis rubens
Tetraselmis subcordiformis

Tetraselmis suecica

Tetraselmis tetrathele

Tetraselmis wetseinii
Tetraselmis sp.

freeze-dried

freeze-dried

freeze-dried

wet

wet

freeze-dried

freeze-dried

freeze-dried

freeze-dried
freeze-dried
frozen

freeze-dried

frozen
wet

freeze dried
frozen

frozen

frozen

freeze-dried

freeze-dried

freeze-dried

freeze-dried

frozen

frozen

frozen

wet

freeze-dried

frozen

wet

frozen
wet

bead beating

bead beating

pestle and mortar, vortex
vortex (5-10 min)

vortex (10 s) and sonication
(20 min)

mortar and sonication
(10min)

pestle and mortar

glass beads

pestle and mortar
cryogenic grinding, shaking
for 3 h at 452 rpm

pestle and mortar

pestle and mortar

grinding and sonication

(5 min)

pestle and mortar, vortex

20 h

grinding and sonication
(5min)

65°C,1h

grinding and sonication
(5 min)

grinding and sonication
(5 min)

grinding and sonication
(5 min)

pestle and mortar

sonication
pestle and mortar, vortex

30 min incubation

sonication

grinding and sonication
(5 min)
sonication

incubation of 30 min,
vortex, sonication 10 min
RT

grinding and sonication
(5 min)

60 °C, 30 min

sonication, 65 °C, 30 min

methanol:chloroform
(2:2.5)
methanol:dichlormethane
(75:25)

100% acetone, hexane,
10% NaCl (2:2:1)
acetone:water (8:2)

methanol:chloroform
(2:2.5)

acetone (8:2)

hexane/ ethyl acetate /hot
water

100% acetone

ethanol:water (3:1)
100% acetone

ethanol:water (3:1)
ethanol:water (3:1)
acetone:water (9:1)
100% acetone, hexane,
10% NaCl (2:2:1)
acetone:water (9:1)
acetone:water (9:1)

DMSO
acetone:water (9:1)

acetone:water (9:1)
acetone:water (9:1)
ethanol:water (3:1)
methanol:water (9:1)
100% acetone, hexane,
10% NaCl (2:2:1)
ethanol:water (3:1)
acetone:water (9:1)
methanol

95% methanol

acetone:water (9:1)

acetone:methanol (7:3)

acetone:water (9:1)
ethanol

acetone: methanol (7:3)
ethanol

[21]
[22]
[23]
[24]
[25]
[26]
[18]
[20]

[18]
[27]

[18]
[18]
[28]
[23]

[29]
[28]

[30]
[28]

[28]
[28]
[18]
[19]
[23]
[31]
[32]
[33]
[34]
[35]

[36]

[28]
[37]

[38]
[39]
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Tetraselmis sp. freeze-dried 3 hatRT ethanol [40]
Tetraselmis sp. DS3 freeze-dried  bead beating methanol:dichlormethane  [41]
(75:25)
Tetraselmis sp. M8 freeze-dried  pestle and mortar, vortex 100% acetone, hexane, [23]
10% NaCl (2:2:1)
Eustigmatophyta
Nannochloropsis gaditana freeze-dried  sonication (10 min) 100% methanol [42]
Nannochloropsis oculata freeze-dried  pestle and mortar ethanol:water (3:1) [18]
Haptophyta
Diacronema vlkianum freeze-dried  glass beads 100% acetone [20]
Isochrysis galbana freeze-dried  pestle and mortar, vortex 100% acetone, hexane, [23]
10% NaCl (2:2:1)
glass beads 100% acetone [20]

Isochrysis sp. freeze-dried  pestle and mortar hexane/ ethyl acetate /hot  [18]
water
100% acetone, hexane, [23]

10% NaCl (2:2:1)

Pavlova lutheri freeze-dried  pestle and mortar, vortex

Bacillariophyta

Chaetoceros calcitrans freeze-dried  pestle and mortar ethanol:water (3:1) [18]
pestle and mortar, vortex 100% acetone, hexane, [23]
10% NaCl (2:2:1)
Chaetoceros muelleri freeze-dried  pestle and mortar, vortex 100% acetone, hexane, [23]
10% NaCl (2:2:1)
Phaeodactylum tricornutum  freeze-dried  pestle and mortar ethanol:water (3:1) [18]
pestle and mortar, vortex 100% acetone, hexane, [23]
10% NaCl (2:2:1)
sonication methanol:water (9:1) [19]

Materials and Methods
Microalgal biomass

Tetraselmis sp. CTP4 was cultivated in the laboratory as described previously [16, 43]. Upon
harvesting, the biomass was immediately frozen at -20 °C. Freeze-dried biomass was
obtained upon lyophilisation for 24 h and stored in a desiccator at room temperature in the
dark. Freeze-dried biomass can be made available upon request.

This article does not contain any studies with human participants or animals performed by

any of the authors.

Optimization of carotenoid extraction

Different conditions, such as type of biomass, cell disruption method and solvent, were tested
using a factorial experimental design to find the best method for extracting carotenoids from
Tetraselmis sp. CTP4 (Fig. 1). For that purpose, the extraction was conducted on both wet

and freeze-dried biomass with the use of four different extraction solvents—ethanol (EtOH),

6
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acetone, methanol (MeOH) and tetrahydrofuran (THF)—and with the application of different
cell disruption methods—mechanical dispersion or glass bead milling. Extraction solvents
were of analytical grade except for THF, which was of HPLC grade to ensure the absence of
peroxides. During all extraction steps, samples were kept on ice and in the dark to avoid
pigment degradation. For the extraction, about 3 mg dry weight (DW) of each type of
biomass were resuspended in 3 mL of ice-cold solvent. Afterwards, cells were lysed by
means of mechanical dispersion using an IKA Ultra-Turrax T18D Basic apparatus (IKA-
Werke GmbH, Staufen, Germany) at 25000 rpm during 2 cycles of 45s or, alternatively,
0.7 g of glass beads (425-600 um) were added and tubes were vortexed on an IKA Vortex
Genius 3 shaker (IKA-Werke GmbH, Staufen, Germany) at maximum speed for 2 min. Ultra-
Turrax mechanical dispersion produces a considerably amount of heat. So, even though the
samples were kept on ice throughout the whole process, this method was applied for a shorter
period than bead milling. To collect the supernatant, samples were centrifuged at 10 °C,
8000xg for 5 min. The extraction procedure was repeated until both the pellet and the
supernatant became colourless.

Extracts were combined and dried using a gentle nitrogen flow and resuspended in 5 mL of
100% acetone for spectrophotometric analysis of total chlorophyll and carotenoid content.
The extraction protocols that yielded the best results in the spectrophotometric analysis were
analysed by HPLC to assess the pigment profile. To this end, the extracts were dried,
resuspended in methanol (0.7 mL) followed by filtration using PTFE filters (0.2 um). HPLC
analysis was performed immediately after resuspension to avoid pigment degradation.

All experiments were carried out in triplicate and average values are reported. To determine
significant differences, variance analysis (ANOVA) was performed at a confidence level of
95% using Tukey HSD post-hoc test. These statistical tests were performed with SPSS
(release 25.0, SPSS Inc., Chicago, IL) software.

Determination of total chlorophyll and carotenoid contents
Spectrophotometric estimation of pigments

The absorbance (Annn) of the extracts was measured by spectrophotometry in a Spectronic
Unicam 3000 UV-Vis (Thermo Fisher Scientific, Waltham, Massachusetts, U.S.) at three
different wavelengths—662, 645 and 470 nm—to estimate their pigment composition. The
concentrations of chlorophyll a (Chl a) and b (Chl b) and total carotenoids (TCar) in pg mL™*

were estimated using the following equations [44]:
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RP-HPLC analysis of carotenoids profile

The carotenoid profile of the extracts was analysed using a Merck Hitachi LaCrom Elite
HPLC (Darmstadt, Germany) equipped with a diode-array detector (450 nm) using a
LiChroCART RP-18 (5um, 250x4 mm, LiChrospher) column, as described by Couso et al.
(2012) with slight modifications. The mobile phase consisted of acetonitrile:water (9:1; v/v)
as solvent A and ethyl acetate as solvent B and the gradient program applied was: 0-16 min,
0-60% B; 16—30 min, 60% B; 30-32 min 100% B and 32-35 min 100% A. Identification of
the pigments was performed based on their retention times and confirmed by comparison of
UV-Vis spectra with those of commercial standards. For quantification, external calibration
curves were performed for neoxanthin, violaxanthin, lutein and g-carotene. All pigment
standards were supplied by Sigma-Aldrich (Sintra, Portugal). All HPLC grade solvents were
purchased from Fisher Scientific (New Hampshire, USA).

Biomass selection Cell disruption Solvent system Pigment quantification

| | | | | |
| | | | | |
| | | | | |
| - . | | | | |
‘ Freeze-dried biomass | Glass beads ‘ : ‘ Spectrophotometry ‘
| | | | | |
| | I | | |
« BV=3 -
! 1 2 1 T N :
‘ Wet biomass : Dispersion 1 THF ‘ ! HPLC-RP 1

Fig. 1 Workflow of methods used for pigment extraction from Tetraselmis sp. CTP4. All
methods were tested on both freeze-dried and wet biomass. The cell disruption was achieved
by either mechanical dispersion or grinding with glass beads. Four different solvents were
used to extract the pigments, namely ethanol (EtOH), acetone, methanol (MeOH) and
tetrahydrofuran (THF). Chlorophyll and carotenoid contents of each extract were analysed by
spectrophotometry. Pigment profiles of the four best extracts were analysed by RP-HPLC.
All methods were performed in triplicate



192
193

194
195
196
197
198
199

a
14.0 1

L]

12.0 -

10.0 -

8.0

b,c.d

6.0 -
cde

4.0

Total chlorophyll content [mg/g DW]

20+

0.0~

EtOH Ac MeOH THF | EtOH Ac MeOH THF Ac MeOH THF | BtOH Ac MeOH THF

Dispersion Glass beads Dispersion Glass beads

Freeze-dried biomass Wet biomass

357

3.0~

b,C [ a'_b l
2.5 T 1]

o
Lol
=2
=

Carotenoid content [mg/g DW]
|
12w

1.0~ I f

0.5+

EtOH Ac MeOH THF | EtOH Ac MeOH THF | EtOH Ac MeOH THF [ EtOH Ac MeOH THF

Dispersion

Glass beads Dispersion Glass beads

Freeze-dried biomass Wet biomass

Fig. 2 Total chlorophyll (a) and total carotenoid (b) contents of extracts prepared from
lyophilized and wet Tetraselmis sp. CTP4 biomass. To optimize the extraction conditions,
different solvents were tested, namely ethanol (EtOH), acetone (Ac), methanol (MeOH) and
tetrahydrofuran (THF). Different cell disruption methods were also tested: dispersion or glass
bead milling. Each extraction was performed in triplicate and results are reported as means *
standard deviation. Different letters indicate significant differences (p < 0.05) using one-way
ANOVA with post hoc Tukey HSD test
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Fig. 3 HPLC chromatograms of pigment extract of Tetraselmis sp. CTP4 at 450 nm.
Extraction was carried out from wet biomass using acetone and cell disruption by glass
beads. (a) Chromatogram of extracts injected in acetone, showing broad peaks and poorer
resolution. (b) Chromatogram of the extract, in methanol, injected immediately after pigment
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extraction revealing well shaped and separated peaks. The spectrum of peak 3 showed the
typical profile of lutein (small picture). (c) Injection after 24 h in methanol showing
overlapping of peaks 3 and 4. The small picture shows the spectrum of peak 4 with an
absorbance peak at 680 nm, typical of chlorophyll. The identified pigments were: 1)
neoxanthin, 2) violaxanthin, 3) lutein, 4) zeaxanthin, 5) chlorophyll b, 6) chlorophyll a, 7) a-
carotene, 8) B-carotene

Results and discussion

Optimization of pigment extraction of Tetraselmis sp. CTP4

The first parameter addressed in the optimization of pigment extraction was the type of
biomass. Both freeze-dried and frozen biomass paste (wet biomass) were analysed, as these
are two common types of industrial processing of microalgal biomass. The highest amount of
both chlorophylls and carotenoids from Tetraselmis sp. CTP4 was recovered from wet
biomass as compared to those from freeze-dried microalgae, up to 3- and 2.5-fold more,
respectively (Fig. 2). Freeze-drying has been considered a mild method to dehydrate the
biomass without significant losses of pigments. However, long-term storage (> 35 days) at
room temperature caused losses of carotenoids in Phaeodactylum tricornutum, and a
decreased lutein content in Scenedesmus almeriensis of about 50% after 20 days [42, 46].
Therefore, the lower recovery of pigments from freeze-dried biomass could be an effect of
long-term storage conditions, as samples were processed 31 days after lyophilisation. In
addition, extraction from wet biomass brings the advantage of being a simple method that
omits the drying step, a costly and time-consuming process.

Tetraselmis sp. CTP4 has medium-sized cells (9-12 um; Pereira et al. 2016) and is known for
its strong theca. Therefore, two different mechanical cell disruption methods were applied to
ensure complete cell disruption and enhance carotenoid extraction. When freeze-dried
biomass was used, differences between both disruption methods are not obvious mainly
because the extracted amounts of both chlorophylls and carotenoids were low (Fig. 2). A
notable exception was THF that was significantly more efficient as an extracting solvent
when using glass beads as a cell disruption method. However, when extraction was done on
wet biomass, disruption by glass beads was significantly more efficient than by dispersion,
for all pigments (Fig. 2). The only exception was dispersion in combination with THF as
solvent, which yielded high chlorophyll and carotenoid contents (Fig. 2). Nonetheless, glass
bead-assisted disruption significantly improved pigment recovery from wet biomass of CTP4
(1.5-fold) compared with dispersion (Fig. 2). It is possible that the observed difference is

11
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partially related to the different time periods used for cell disruption by the two methods. Due
to the higher amount of heat generated by the Ultra-Turrax dispersion, the application of this
method was limited to 2 cycles of 45s while bead milling could be applied for 2 minutes
without any noticeable heating of the sample. Since elevated temperatures can lead to
metabolites degradation, heating production during cell disruption by Ultra-Turrax can be a
strong limitation [14, 15]. Other authors have found similar results. For example, Taucher et
al. (2016) achieved better disruption of Chlorella zofingiensis (cell size range: 2-15 um) by
ball milling rather than with mechanical dispersion. Another study in Coelastrella sp., an alga
with a thick cell wall, reported also bead milling as a successful process for extracting
carotenoids [22]. Concerning Tetraselmis, glass bead milling was used to extract carotenoids
in only one report [41]. Other studies on Tetraselmis species used cell disruption by
sonication [19, 28, 33, 34, 36]. However, ultrasounds can lead to the cleavage of water to free
eOH and eH radicals, which can damage the extracted carotenoids, and should therefore be
avoided [48]. Another disadvantage of sonication is that it can only be applied to small-sized
samples, whereas bead or ball milling have already been implemented at industrial scale. For
example, a so called DYNO-mill, was successfully used for the disruption of Tetraselmis wet
biomass to isolate protein [49, 50]. Therefore, a scale-up of this extraction method is
conceivable, though involving high-energy consumption. Other industrially scalable methods
include high-pressure homogenization, which has also been applied successfully to rupture
microalgae including from the Tetraselmis genus [51].

Another important parameter is the selection of an appropriate solvent for an efficient
extraction. However, in our study, the choice of solvent appears to be less important since no
significant changes in the extraction yields of both chlorophylls and carotenoids were found,
when glass beads were used for cell disruption. This might be related to the fact that all the
chosen solvents are polar solvents and appropriate for the extraction of these compounds. The
best chlorophyll yields were obtained using THF, which led to of 8.14 + 0.82 mg g* DW.
The best extraction yields for all carotenoids from CTP4 were obtained with THF and
acetone: 3.02 + 0.16 and 3.03 + 0.11 mg g DW, respectively (Fig. 2b). Indeed, acetone is
the most commonly used solvent alone or in combination with other solvents for carotenoid
extraction from Tetraselmis spp. cells (Table 1). However, when dispersion was used as cell
disruption method, the choice of solvent is rather important and THF or acetone were the
most efficient for pigment extraction. These results indicate that the right combination of cell

disruption and solvent needs to be selected for improved extraction of pigments from
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microalgal biomass. Nevertheless, THF has a tendency to form explosive peroxides for long
storage as well as during distillation. Therefore, to minimize this problem, the purchased THF
should be protected with an antioxidant molecule, such as butylated hydroxytoluene (BHT)
[52, 53].

Optimization of individual carotenoid extraction of Tetraselmis sp. CTP4 biomass

To optimize the selectivity of the extraction methods on individual carotenoids, RP-HPLC
was used for analysis. Direct injection of extracts in acetone under the RP-HPLC conditions
used in this paper showed broad peaks with shoulders, in particular for the polar
xanthophylls, thus, leading to poor quantification (Fig. 3a). Therefore, prior to injection, the
solvent of the extracts was changed from acetone to methanol, which resulted in a better
resolution of the peaks and good peak integration (Fig. 3b). This observation is in agreement
with other publications on RP-HPLC methods for the quantification of microalgal pigments
[54-56]. As an example, the absorbance spectrum of lutein is shown with a shoulder at
422 nm, and absorbance maxima at 448 and 476 nm (Fig. 3b, small picture). However, once
the extract was resuspended in methanol, analysis was performed immediately to avoid
pigment degradation as methanol is known to promote formation of chlorophyll allomers,
which can cause overlapping peaks with lutein (Fig. 3c, Porra et al. 1997). Nevertheless, the
focus of the RP-HPLC analysis was on carotenoids rather than chlorophyll. Therefore, only
the most efficient extraction methods for carotenoids obtained by spectrophotometry were
investigated, namely extractions from wet biomass using acetone or THF and cell disruption
using glass beads or mechanical dispersion. RP-HPLC analysis of Tetraselmis sp. CTP4
carotenoid profile showed that the most dominant carotenoids were neoxanthin, violaxanthin,
lutein and f-carotene (Fig. 3a) which is in agreement with reports from other authors for
different Tetraselmis species [58]. The quantification of these four carotenoids in the extracts
confirmed the results obtained by spectrophotometric analysis: glass bead-assisted extraction
led to a 2.4-fold average increase of carotenoids extracted from wet biomass over dispersion-
based methods, regardless of the solvent used (Fig. 4). On average, THF was also a better
solvent for carotenoid extraction than acetone, when dispersion-based homogenization was
used. Overall, THF was more efficient than acetone for the extraction of all carotenoids.
However, if the biomass was milled with glass beads, THF was found to be a better solvent
for the extraction of lutein and p-carotene (622 + 40 and 618 + 32 ug g DW, respectively),
but as good as acetone for neoxanthin (38.7-52.3 pug g* DW) and violaxanthin (123-139 pg g°
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1 DW) (Fig. 4). This is in agreement with the solubility tests made by Craft and Soares
(1992), who showed that THF was the best solvent for lutein and f-carotene. Furthermore, in
a study on Chlorella sorokiniana, THF was shown to lead to a higher recovery of lutein than
acetone [60]. However, considering the commercialization of the extracts for food
applications, acetone is preferred, as it is both cheaper and listed as a GRAS (Generally
Recognized As Safe) solvent. Moreover, acetone does not require the addition of antioxidants
with potential for toxicity such as BHT to maintain its stability [61]. The carotenoid
concentrations detected in this study are comparable to those found in the literature for other
Tetraselmis species [36, 58], although higher contents have been reported in the heat-tolerant
microalga Tetraselmis sp. DS3 [41]. However, carotenoid contents are often dependent on the
species and its cultivation conditions, which might explain the differences observed. This is

an on-going investigation in this species by our group.
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Fig. 4 Quantification of neoxanthin (a), violaxanthin (b), lutein (c) and p-carotene (d)
extracted from wet biomass of Tetraselmis sp. CTP4. Carotenoids were extracted using
acetone (Ac) or tetrahydrofuran (THF) and glass-bead milled or mechanically dispersed to
promote cell disruption. This experiment was performed in triplicate and the means *

standard deviation is shown for all results. For each figure, different letters indicate
significant differences (p < 0.05) using one-way ANOVA with post hoc Tukey HSD test

Conclusions

Tetraselmis sp. CTP4 proved to be a good candidate for the development of a suitable method
for carotenoid extraction, as it contained significant amounts of extractable carotenoids,
particularly lutein and p-carotene, two pigments with high market value as ingredients in

food, feed, nutraceutical and cosmeceutical formulations. The best method for carotenoid
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extraction was a combination of disruption by glass beads using THF applied to wet biomass
as storage of freeze-dried biomass might have led to pigment degradation. However, a
combination of disruption by glass beads using acetone applied to wet biomass was almost as
efficient and is less costly and less time consuming than using freeze-dried biomass or THF
as solvent. These characteristics and the scalability of glass bead milling make this method
industrially applicable. Furthermore, as it is easy to carry out, it could become a common
protocol for carotenoid extraction from mechanically robust microalgae, which would greatly
facilitate the comparison between different species.
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