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Haematococcus pluvialis, in the dormant aplanospore (cyst) status after 80ltilation, accumulates
high levels of a superpotent antioxidant, astaxantkhich has been demonstrated to have enormous
therapeutic benefits. However, owing to the rotsaigstcture of its trilayered cell-wall, the recovery
astaxanthin from the cyst cells remains an enantgasive process. In the present study, a no\akgly
utilizing short-period germination based on theuraitlife-cycle ofH. pluvialis was developed as an
energy-efficient pretreatment for extraction ofasithin using ionic liquids (ILs) as green solgeflihe
germination resulted in damage and deconstrucfidimeocyst cell-wall, and thereby facilitated the
extraction of astaxanthin by ILs under room tempesa By this natural pretreatment with 1-ethyl-3-
methylimidazolium ethylsulfate, for the very shogtiction time of 1 min, the high astaxanthin yield
19.5 pg/cell was obtained, which was about 82% adraventional volatile organic solvent extractign b
strong, 30,000 psi French-pressure-cell homogeaizathe maximal astaxanthin-extraction yield from
H. pluvialis cells was observed for 12-18 h germination. Threngeation rate furthermore could be
improved by manipulating the nutritional compositi@specially the nitrate concentration) of theiumel
medium. In light of these results, it can be pakiteat natural germination following the principlefs
green chemistry can be a uniquely simple methadlmist microalgal cyst cell pretreatment and
extraction of astaxanthin with room-temperature ILs

animal modef§ and is widely utilized in feed industries such as
Introduction poultry and aquacultute Most astaxanthin, market-valued at
2,500 $/kg, -currently is produced by chemical bgsis, is
consumed mostly as feed additites For direct human
so consumptions, howevenatural astaxanthin is preferred over the
synthetic form due to a mixture of isomers andtyafencern¥.
H. pluvialisis considered to be an outstanding source of alatu:
astaxanthin (~ 40,000 ppm) among other commerciafgd
sources such duphausia pacifica (pacific krill, ~ 120 ppm) and

. X 55 Pandalus borealis (Arctic shrimp, ~ 1,200 ppm)° Astaxanthin
with broad-leaved trees, whose metabolisms core sandstil is highly accumulated iil. pluvialis during the development of

by loss of leaves dL.Jrlr?g.wmter and becgme d,ec'd“"“th Spring. aplanospores from vegetative cells under stressditbons.
Haematococcus pluvialisis a representative unicellular freshwater However, this is accompanied by the formation ol cell-wall
green microalga that has such a dormant phase.biftagellate
microalga forms non-motile resting cells, namelyaapspores
(cysts), under stress conditions such as nitroggpietion and
strong insolatiof 4 During this transformation, the cells become
self-protective, not only by consolidating theitlegalls, but also
by accumulating high levels of secondary carotemaidch as
astaxanthin (3,3'-dihydroxg-carotene-4,4’-dione).

Astaxanthin has been attracting broad and focusthtion
owing to its function as a powerful antioxidzihtlt is claimed for
therapeutic applications such as immune stimulatianti-
inflammation, carpal tunnel syndrome and muscleersess
treatment Additionally, astaxanthin has been reported toeha
inhibitive effects on mammary tumors and oral qaogens in

Nature has a smart strategy of protecting organigrom
unfavorable environmental conditions such as mtdeprivation,
desiccation, and extreme temperatures: minimal boéta
activity, namely dormandy? Once conditions become favorable
again, organisms halt their dormant status anditieie growth.
This strategy is used by a variety of organismsmfr
microorganisms to plants to animals. Good examatesfound

structure of considerable thickness (1.8 — 2.2 pamsisting of
e0 Several layers including the trilaminar sheath (J;LS:condary
wall (SW), and tertiary wall (TW)1% Most notably, the outmost
TLS is composed of a sporopollenin-like polymer wnoas
algaenan, a tough and non-hydrolysable matéridl The cell-
wall of the aplanospore, then, is remarkably rasisto physical
esand chemical cell disruptions, which fact compksatthe
astaxanthin-extraction process. Even highly enemansuming
mechanical methods such as homogenization or g@nicare less
efficient for cell disruption oH. pluvialis cysts and, therefrom,
astaxanthin extraction, than for other microalgacied*. Harsh
70 conditions rather, such as strong acidity with ated temperatures
or supercritical fluid, have to be applied’. Therefore, additional
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efforts for a scalable and also environment-frignektraction
method are required in order to achieve economiaxasthin
production fromH. pluvialis biomass.
In recent days, being environmental-friendly sote€, ionic
s liquids (ILs), the salts composed of relativelyguorganic cations
coupled with smaller inorganic or organic aniorrs, successfully
utilized in the field of biorefinery, food and feed processii@nd

substituting (per liter) 0.13 g Ca2HO and 0.07 g KCI for
Ca(NQG)2 and KNQ from the NIES-C medium, respectively. The
media were sterilized by filtration through a 0§26 membrane

60 (Satorius Stedium Biotech., Germany), and the pHadassted to
7.5.

Vegetative cultivation ofH. pluvialis

as active pharmaceutical ingrediéhf8 ILs have been applied to  One colony oH. pluvialis grown on an agar-plate was transferred

microalgal biorefinery especially for cell-wall digtion and lipid
o extraction from Chlorella sp., Chlamydomonas sp. and

to a 250 mL Erlenmeyer flask (working volume, 100; INIES-C
es medium). The flask was incubated for 14 d in a siglncubator

Scenedesmus sp24+27, Cell lysis and lipid extraction efficiencies (IS-971RF, Lab Companion, Korea) at°€5and 150 rpm, and

vary largely depending on not only the microalgpédes (of
differing structure and cell-wall composition), buatiso the
operating conditions, such as the IL used, dosagtfemperature
15 applied. However, very few applications of the damnstatus of

thereafter was used as the inoculum for the maatqgiiioreactor
culture. Light was continuously supplied at 40 piméds by
white-fluorescent lamps.

70 A vegetative cell culture was performed in a Pygkass

microalgae, such aBl. pluvialis aplanospores containing high bubble-column photobioreactor (b-PBR) (length, 35 dnmer

concentrations of astaxanthin, have been rep®rtidshould be
also noted that conventional high-temperature #datiments can

both curtail extraction yields of temperature-latdktaxanthin and

20 also increase operating and facility costs.
The purpose of this study was to develop an ereffigient and
environment-friendly process for extraction of higilue

astaxanthin fromH. pluvialis aplanospores (cysts) using the venting filter (Minisart 2000,

physiological artifice of environmental- and nutital-condition

25 alteration to effect conditions more favorable fdormancy
breaking by room-temperature IL. This process &iasof the
natural germination of aplanospores, which allolhem to lose
their cell-wall rigidity, followed by IL-mediated staxanthin
extraction from the germinating cells. More spexifiy, during

30 germination, the rigid TLS and SW of the aplanosgobreak
open, leaving dividing cysts and zooids with weak-walls that
are highly susceptible to chemical and/or physitahtments.
More importantly still, we showed that the dividiogsts and zooid
cells could still retain their astaxanthin contéarta short period

s before becoming completely acclimatized to the fabte
environment (at which point the post-division cellsse
astaxanthin to synthesize other photosynthetic ergm for
photosynthetic growtfs.

Materials and methods

40 Microalga and culture medium

diameter, 3.7 cm; working volume, 500 rLith the NIES-C
medium. The inoculum concentration was adjustedrtdnitial

optical density (OD) of 0.1 at 680 nm. The b-PBR was

75 continuously supplied with 5 (%, v/v) G@n air at 0.4 vwm from
the bottom of the reactor, as previously optimiZeeta not
shown). The supplied gas was passed through a ®@.PTFE

Satorius Stedium &ioh.,
Germany) and controlled by mass flow controller&(Rrecision,

so Korea) and flow meters (Dwyer Instruments Inc., U342 The
b-PBR culture was incubated for 15 d in a plant-ghogltamber
(GC-300, JEIO TECH, Korea) at 25 and illuminated with 25
pumol/ntss (in light/dark 12:12 h cycles) by white-fluoreste
lamps.

85

Encystment and astaxanthin induction ofH. pluvialis

The astaxanthin induction of the vegetativepluvialis cells was
performed using a conical-shape (funnel-like) PBRPER)
(working volume, 300 mL). The vegetative cells (@D.8 at 680

90 nm) from the b-PBR were harvested by centrifugati@)@0 rpm
for 2 min, washed with fresh NIES-N medium, andhthransferred
to the original or a modified NIES-N medium. ThEBR cultures
were incubated for 15 d in another plant-growthneber at 25C.
The aeration condition was the same as for the b-Blfre.

os Light was continuously supplied at 69 umad¥m by white-
fluorescent lamps.

HaematococcuspluvialisNIES-144, as obtained from the National

Institute for Environmental studies (NIES), Univigrsof Tokyo,
Japan, was used in this study. The life-cycleHofpluvialis is
divided mainly into 3 stages: 1) vegetative celbwth, 2)

Germination of H. pluvialis cysts

The influence of the nutritional composition of tMES-C

Page 2 of 9

4 encystment along with astaxanthin induction (veetecells to  Mmedium on the germination efficiency bif pluvialis cysts was
immature to mature cysts), and 3) germination (neatysts to tested as indicated in Table 1. The mature red dytn the f-PBR
vegetative cells). NIES-C medidfwas used for both vegetative Were collected by centrifugation at 3,000 rpm fami, washed
cell growth and cyst germination, in the followisgmposition with NIES-C medium, and transferred to the origmred modified
(per liter): 0.15 g Ca(N§. 0.10 g KNQ@, 0.05 g p- NIES-C medium. The cells were incubated in a 250 mL

s glycerophosphoric acid disodium salt pentahydra@eg4 g s Erlenmeyer flask (working volume, 100 mL) in a simgk
MgSQs 7H0, 0.50 g Tris-aminomethane, 0.01 mg thiamine, 3.gopincubator (IS-971RF, Lab Companion, Korea) at@&nd 150
ml PIV metal solution, 0.1Qg biotin, and 0.1Qig vitamin B12.  PM. Light was continuously supplied at 40 yumé#éifor 24 h.
One liter of PIV metal solution consists of 1.0 gERDTA, 0.196
g FeCh-6H0, 36.0 mg MnGl- 4H0, 22.0 mg ZnS®7H0, 4.0

ssmg CoCh-6H0, and 2.5 mg N#oOs-2H0. For astaxanthin
induction, nitrogen (N)-free medium (NIESRWwas prepared by

2 | Journal Name, [year], [vol], 00-00 This journal is © The Royal Society of Chemistry [year]
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Table 1 Effect of nutritional composition of NIES-C mediuran
germination oH. pluvialis cysts

NIES-C Composition % of cysts germinated
after 12 h incubatich
Control 1x 58.3
Modified NIES-C 2 x all components 52.4
2 x vitamins 61.5
2 x nitrate 81.3

2 x (vitamins and nitrate) 77.8

a Germinated cysts correspond to the sum of dividysis, releasing
cysts and empty cyst walls.

Astaxanthin extraction from germinating cells usinglLs

Three classes of ILs, namely 1-ethyl-3-methylimaamn
(Emim), 1-butyl-3-methylimidazolium (Bmim) and 1-iB-
methylpyridinium (Bmpy), were tested for their effincies for

10 astaxanthin extraction from germinating cysts. Titeeand their
structures are listed in Table 2. Briefly, 1 mL aftare aliquot was
collected before and after 12 h germination in 2 micro-
centrifuge tubes by centrifugation (3,000 rpm, 2)and washed
with distilled water. Astaxanthin from cell pelletgas extracted

15 with 0.5 mL IL by 1 min vortexing under room temature (28C).
The IL solution was then separated by additionakrdegation.
For complete astaxanthin extraction, the remaigilgpaste was
again treated by 0.5 mL of the same IL and incub#&be 24 h
under the dark condition. For the recovery anchierrguantitative

20 analysis of the free astaxanthin, the pigment f&&@ pL IL was
extracted with 1 mL of ethyl acetate via a simptid-liquid
extraction process.

Astaxanthin quantification

25 The time-course change of the astaxanthin confert pluvialis
cells during the germination process was investigiathe culture
broth was collected at 6 h intervals and homogehiasing a
French-pressure-cell (Thermo Electron Corp., USA0s000 psi,
as previously optimized (data not shown). For asttxn

30 extraction, 1 mL of the homogenate was mixed vigshpwith 5
mL of ethyl acetate for 10 min under room tempe®aturhe
mixture was separated by centrifugation at 4,000 fgr 10 min.
The astaxanthin-containing ethyl acetate soluti@s wollected
and evaporated using a rotary vacuum evaporato? (BIAJS,

35 Genevac Ltd., UK). The astaxanthin extract was thiwéih 1 ml
of 0.025 N NaOH in freshly prepared methanol ara tsaponified
at £C for 70 min under previously optimized conditiqdata not
shown).

The free (de-esterified) astaxanthin content wedyaed using

40 a high-performance liquid chromatograph (HPLC) (128@ies,
Agilent Technologies, USA) equipped with a variablavelength
detector (VWD) and a YMC Carotenoid column (C30,rB, 250
x 4.6 mm; YMC Co., Japan). Liquid sample was purifiedugh

following gradient procedure was used: 0% of saiv@rfor 15
min; a linear gradient from 0% to 100 of solventoB 27 min; 0%
of solvent B for 35 min. The flow rate was 1.0 mliniThe peaks
were measured at a wavelength of 474 nm to faeilithe
ss astaxanthin detection in comparison with the chahstandard
(Dr. Ehrenstorfer GmbH, Augsburg, Germany) (see.F&1L and
S2 for characterization information). The colummperature and
injection volume were maintained at°80and 20 pL, respectively.

60 Table 2 List of ILs used for astaxanthin extraction froerminatingH.
pluvialiscysts

IL
Name Abbreviation Structure
CH; o
N+
1-ethyl-3-methylimidazolium _ BEPEN
aceta)tle y [Emim] OAc L—N) 0" "CHy
kCH3
CH,
Lethyl-3-methylimidazoium o { '§ [BF4]
tetrafluoroborate [Emim] BF "t
CH,

[ CHy 0
1-ethyl-3-methylimidazolium . % -0-s-q
ethylsulfate [Emim] EtSQ 't O CoHs

CH;
CH;

[ o
1-ethyl-3-methylimidazolium . Y o=s-0
methylsulfate [Emim] MeSQ "t OCH,

CH,

CHs o
1-butyl-3-methylimidazolium o o ¥ oo
methylsulfate [Bmim] MeSQ:  “y OCH,

K/\CH:;

CH, o
C Il

1-butyl-3-methylpyridinium fﬁ 0=s5-0r

methylsulfate [Bmpy] MeSQ SN* OCH,
CH,

Other analytical methods

The OD was measured at 660 nm by UV-VIS spectraphetry

s (Optizen 2120UV, Mecasys Co., Korea). The pH arghtli
intensity were determined using a pH meter (DKK-T@A.,
Japan) and a quantum meter (LI-250A, LI-COR Inc., WJSA
respectively. The cells in the germination stagesvetassified into
4 types including mature, dividing, releasing, antpty, and were

70 counted at 6 h intervals using an improved Neubaoenting
chamber (C-Chip, DHC-NO1, iNCYTO, Korea). Germinatioh
H. pluvialis cells and astaxanthin extraction from them were
observed by bright-field and fluorescence microgcgpxio
Imager.A2, Carl Zeiss, Germany). Blue signals (foufitake into

a 0.20 um PTFE disposable syringe-filter (Satorius Stedium ce|is) and chlorophyll auto-fluorescence were detbwith a filter

45 Biotech., Germany) and properly diluted before fifgdtion into
the column. The mobile phase consisted of solvent
(methanol/methyl tertiary butyl ether (MTBE)/1%
phosphoric acid, 81:15:4, v/v) and solvent B (meth&tTBE/1%

(Wiv

set 49 (Excitation filter: 365 nm; BS FT: 395 nniIBBP: 445-
A450 nm) and a long pass filter set 09 (Excitatitterf 450-490
nm band pass; BS FT: 510 nm; EM LP: 515 nm), regspegt The
images were captured with an AxioCam HRc CCD camera

(wiv) phosphoric acid, 16:80:4, v/v). For simultane separation equipped with AxioVision software (Carl Zeiss, Genya

so Of free astaxanthin and fatty-acid-containing aatdltin esters, the

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 Time-course differentiation of mature red cystbfpluvialis during germination process. (a - d), Micrographeveing different cell stages with
scale-bar of 10 um. (e - h), Schematic illustragishowing changes in cell-wall structure. (a, ejfiMe cyst with trilayered cell-wall. (b, f), Divith cyst
with cell divisions accompanying breakages of Thl 8W. (c, g), Dividing cyst with differentiatedaids within TW; (d, h), Release of zooids from ¢yst

s where dark arrow indicates breakage of TW. Abbtawia: CW, cell-wall; SW, secondary wall; TLS, amhinar sheath; TW, tertiary wall. Preparatory to
germination, mature red cysts (~2 ¥ tells/mL) were transferred to 100 mL of fresh NdESnedium and incubated at°€5 The light was continuously
supplied for 24 h at 40 umolfes.

containing lipid droplets from the dividing cystdareleased zooids

Results and discussion was observed within 2 min, as indicated by the lokacows in

40 Figs. 2e and 2i. Video S2 is a real-time moviehef éxtraction of
astaxanthin in the form of lipid droplets after BifBmim] MeSQ;

10 Fig. 1 shows time-course profiles of the microscopi treatment. Using the property of [Bmim] MeS@ccording to
differentiation and a schematic illustration of ataore red cyst of  which it fluoresces at around 450 nm, its uptakelifferent cell
H. pluvialis during germination in NIES-C medium. The thick, types was monitored microscopically. The matureayst did not
trilayered cell-wall structure including the TLSASand TW was s uptake [Bmim] MeS@, and so its presence (blue color) inside the
observed in a mature cyst cell after 30 d inculbafiigs. 1a and  cell was not observed (Fig. 2b); instead, [Bmim] e®ound to

15 1e)}t. As the germination progressed, the cyst cell nmelet the cyst’'s outer layer, showing a strong blue fsgence. The
significant changes both morphologically and phiggjeally. The dividing cyst and the released zooids, contrastingbuld uptake
increase of the cell size due to cell divisiongg¢Filb and 1f) [Bmim] MeSQ; to emit blue-color fluorescence (Figs. 2f and 2j).
resulted in cracking of the TLS and SW, leavingdhading cyst so The replicated images of blue fluorescence by [BnitaBFQ; and
covered only by a weak, flexible TW (Figs. 1c amj. With the of red auto-fluorescence originating from chlorolphgiearly

20 development of zooids, the TW also broke openasitgy motile  showed the absorption degrees of [Bmim] Me&€rording to the
zooids cells into the medium (Figs. 1d and 1h)4Azyermination  cell types: none for the mature cyst (Figs. 2b 204 partial for
movie is available as Supplementary InformationegidS1. It  the dividing cyst (Figs. 2f and 2g); complete foe teleased zooids
should be noted that the overall red-color intgnsis an indirect ss (Figs. 2j and 2k). As illustrated in Figs. 1f argl fhe dividing cyst
indicator of astaxanthin, remained, albeit of sediaé lost the TLS along with the SW. Hence, it is plalsithat in the

25 transformations from a mother cyst to a dividingtcio motile mature cyst, the toughest layers of the cell-wainely the TLS
zooids, implying a new biotechnological tool fortaasanthin and SW, prevented [Bmim] MeS@enetration into the cell (Figs.
extraction. 2a and 2d), whereas, in the dividing cyst, the gures of only a

so Wweak TW allowed it (Figs. 2e and 2h). Furthermdhe motile
zooids, with only a delicate layer of plasmalemrosecing them,
were highly susceptible to [Bmim] Me3Qhus readily allowing
complete penetration (Figs. 2i and 2I; Table S1).

Fig. 2 illustrates the microscopic changes involwedL-based In the case of the mature cyst, the cell was fraaelevated
astaxanthin extraction frori. pluvialis cells under the room temperature (60°C, 20 min) in the presence of [BrivieBO; (Fig.
temperature condition before and after 12 h-geriina  3§3). Moreover, no damage to the cell-wall was evideven up to
pretreatment. When a mature cystHbf pluvialis was initially 90°C until 90 min (data not shown). The cell-wallofature red
ss mixed with [Bmim] MeSQ, it appeared intact, showing no effect cyst contains a TLS made up of an acetolysis-rsisdliphatic
of the IL (Fig. 2a). After 12 h-germination by ceamt, and to our  pigpolymer known as algaenan, which puts up gresistance to
surprise, the spontaneous extraction of red-cotastaxanthin- ., physical and chemical treatmehtShis protective function of the

Germination of H. pluvialis cyst

Model of IL-based astaxanthin extraction from germnating
a0 cells

4 | Journal Name, [year], [vol], 00-00 This journal is © The Royal Society of Chemistry [year]
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Fluorescence micrograph

Chlorophyll

. o

Mature cyst

Dividing cyst

Released zooids
v X

AXT extraction

Released zooids

Fig. 2Microscopic images and schematic illustrationd ebhsed astaxanthin extraction frtnpluvialis cells before and after germination. (a - d), &iti
mature cyst. (e - h), Dividing cyst. (i - I), Retea zooids. DIC (a, e, i) mode shows extractiotipad droplets containing red-colored astaxanthinf

5 germinating cells (see black arrows). Blue coloofescence (b, f, j) under filter 49 representsakgpbf IL into cell. Red color fluorescence (ckunder
filter 09 represents chlorophyll auto-fluorescer®eale bars represent 20 um. The schematic diagdhrhsl) represent the proposed models of IL kpta
and astaxanthin extraction. (d), Mature cyst impeabte to IL. (h), Dividing cyst with relatively wieal' W, permeable to IL and prone to astaxanthin
extraction. (I), Released zooids, readily permetble; astaxanthin extraction occurs efficienthbbreviations: AXT, astaxanthin; CW, cell-wall; lignic
liquid; PW, primary wall; SW, secondary wall; TLt&]aminar sheath; TW, tertiary wall; After 12 hrggnation of mature cyst (a, b, ) in NIES-C medjum

10 the dividing cyst (e, f, g) and zooids (i, j, k) weollected for IL treatment. One hundred (100)culture (2.3< 1P cells/mL) was harvested, washed with
distilled water and extracted with 50 pL of [BmiMESQ, for 2 min

cell-wall against the penetration of ILs has bebseoved in other .0 When the 12 h-germinated sample was extracted [&ithim)]
microalga as well. Serat al.3 reported that the wild-type strain EtSQ; over a very short reaction time of 1 min at room
of C. reinhardtii showed resistance to ILs while cell-wall-less temperature, the high astaxanthin yield of 19.5cg/was

15 mutants were susceptible to penetration througplémmalemma.  obtained, which corresponded to about 82% of teklyobtained

by the conventional, energy-intensive  high-pressure
Astaxanthin-extraction efficiencies of various ILs #&er % hgmpgenlzatloq-bgsgd ethyl acetate extrgctlgn rde(Fﬂg _3)'
germination pretreatment Significantly, this indicates that the combinatiohgermination

pretreatment and IL extraction has a high poterdg@la new,
Imidazolium- and pyridinium-based ILs with diffeteamions were  powerful technique of astaxanthin extraction fré pluvialis

2 tested for their efficiencies in extracting astakém from cysts that does not require excess energy for tegiperature
germinating cysts dfl. pluvialis (Fig. 3, Table 2). Here, a natural,, and/or intensive mechanical cell-disruption, andcwialso avoids
pretreatment method for cell-wall damage througimgieation of o minimizes the use of volatile organic solvenBrevious
mature cysts was compared with the strongest, rostgy-  researches wittH. pluvialis, with varying culture conditions,
intensive pretreatment method that of French-pressell  reported astaxanthin extraction yields of 20-3Ccelywith 90%

25 homogenization at 30,000 psi previously optimizethtd not  acetonds, and 48 pgicell with acetone:methanol (1:2; 2¥with
shown).The optimal germination time in NIES-C mewiwas  different pretreatment methods. It should be noteat the
determined to be 12 h (see below). Similarly, tieiencies ofthe  astaxanthin yield not only depends on the extractiethod but
nonvolatile, greener-solvent ILs were compared Wit volatile  giso on the cultivation conditions and type of strapplied for
ethyl acetate conventionally used for astaxantkiraetior?*. astaxanthin induction. What we have shown herbaswe were

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 5
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able to get high extraction yield of astaxanthirotiygh a greener  permeability of ILs into Scenedesmus quadricauda and C.
process by using ILs along with a process of geation within a s reinhardtii cells. This is in agreement with the higher
very short time of 1 min without spending enerfurthermore,  astaxanthin-extraction yield of [Bmim] MeS@elative to [Emim]
after additional 24 h incubation at room tempemilig. S4), the MeSQ in the present study. However, on the basis of the

s maximal astaxanthin yield, 32.5 pg/cell, was oladinwhich was  maximum extraction efficiency obtained with [Emifg}SQ;, it
1.4-fold higher than that achievable with the cortianal could be supposed that the alkyl chain-length efahions carries
extraction method. Beyond such efficiency, ILs afsve high so more significance than the chain-length of theoretiin terms of
synthetic flexibility, which allows us to designsalvent for a  H. pluvialiscell permeability. [Emim] Bkis widely considered to
specific reactiotf 2 In this way, these “designer solvents” have be permeative with animél and plant cell® but to be ineffective

10 high selectivity for the target compounds whictuigikely with for astaxanthin extraction from germinatidgpluvialiscells. This
the volatile organic solverfts33 clearly shows that microalgae with diverse celllwaioperties

The extraction efficiencies of the tested ILs wigréhe order ss respond differently to specific ILs. In fact, thie@dation of such
[Emim] EtSQ > [Bmim] MeSQ > [Emim] MeSQ > [Bmpy] differential cell-wall behavior towards ILs woule an interesting
MeSQ: > [Emim] B > [Emim] OAc (Fig. 3)With alky sulfates  focus of future research.

15 (MeSOy and EtS@) as anions, the imidazolium-based ILs Following extraction, the astaxanthin from ILs weareadily
([Bmim] and [Emim]) were more efficient than the @nium- recovered through a simple biphasic separation etltlyl acetate
based IL ([Bmpy]). Among the 1-ethyl-3methylimidaimol o (Fig. S5). This process not only allows the recpwdrastaxanthin
([Emim]) ILs tested, anion groups such asiBRd acetate showed but also the ILs for subsequent reuse. ILs have bessidered to
lower astaxanthin-extraction efficiencies than adkyfate groups  be especially attractive green solvents, due tpgnees such as

20 such as MeS®and EtS@ These results indicate that dividing good thermal stability, low vapor pressure, andhtigiling point,
cysts and zooids ¢i. pluvialis, notwithstanding their weaker cell- that makes their recovery and recycling éasip this study, the
walls, are susceptible only to a few, not all lttgs implies, in turn, e recovered astaxanthin extract, generally the asthia esters,
that the permeability of ILs into cells is larged§jfected by the  were purified through saponification to form fresrh of trans-
structural and chemical properties of cations aridres. astaxanthin (Fig. S2). For scale-up processes, pige form of

25 trans-astaxanthin from saponified extracts could ditained

through techniques such as high-speed-counterfturre

W EA + Homogenization 70 chromatograph¥, purification using IL-based monolithic

C— IL + Germination cartridge4® and molecularly imprinted polymer cartridéges
Moreover, recycling of ILs also gain equal impodenwhere the
impurities in the recovered raw ILs could be rentbby passing
through a charcoal column followed by evaporatinder reduced

75 pressure and overnight dryitig

w
o

N
[4)]
!

N
o
!

Control of germination rate by nutritional manipula tion

[
o
L

Fig. 4 shows the morphological changes undergorn¢ pluvialis
m cysts over the course of 24 h germination in thgimeal NIES-C
) ﬁ so medium. The cells were classified under light mscapy into the
< A A following 4 groups: mature, dividing, releasingdaampty. After
i‘;\\«\oi\\@\“‘i \3 @w&i\@“\ig ‘ng 12 h of incubation, ~58% of the cysts were gerngidat
A\ ¢ constituting dividing cells, released cysts and gngyst walls,
Fig. 3 Astaxanthin extraction yield from germinatimy pluvialis cells which latter indicated that the zooids had alrebdgn released
using various ILs against ethyl acetate (EA). Eeb&sed extraction, after 4 into the medium. By the end of 24 h of incubatidmast 83% of
12 h germination of mature cysts, a 1 mL sampleaudiected and treated cysts were germinated, and about 50% of the ceits diready

with 0.5 mL ILs for 1 min at room temperature. lretcase of EA, 20 mL | d thei ids. It tinaly. th tasiantbontent
30 of initial mature cysts were homogenized using Rnench-pressure-cell release €Ir zooids. Interestingly, € astaxanitonten

homogenization at 30,000 psi. One (1) mL of the bgemate was Compared with that of the initial mature red cysasl increased by
extracted with 5 mL of EA for 10 min. Astaxanthirasvquantified as  ~20% after 12 h germination when measured by thle-pressure
pg/cell based on the absolute cell count value. s homogenization-assisted ethyl acetate extractichade(Figs. S6
and S7). The carotenogenic genes could be trahsieaticed
when theH. pluvialis cysts were introduced into the nutrient-rich
growth mediunt2 Thus it is conceivable that the increase in the
astaxanthin yield during 12 to 18 h of germinatinight have been
o5 due not only to the structural changes in the wells resulting in
improved astaxanthin extraction, but also to themmotary
induction of this secondary carotenoid. Neverthelése increase

base, which serves as the side chain of the anuitbhastidine in the astaxanthin yigld through the germinationcpss is an
readily taken up by cef& Increases in the alkyl chain added advantage to its usefulness as a naturakbatreent for

(ipophilicity) of the cations in ILs reportedly bances the 100 €xtraction. After 12 h of germination, the astakémtcontent in
the cells decreased, and finally, at 24 h, wasaedby ~ 30 %

Astaxanthin yield (pg/cell)
o &

o
!

Seneet al.3® comparing the toxicities of imidazolium-based and

35 pyridinium-based ILs t&€hlamydomonas reinhardtii based on cell
growth, reported significant inhibition effects the former (due
to penetration into cells) but only negligible effe by the latter
(due to the glycoprotein-rich cell-wall). They posed that the
higher cell permeability of imidazolium-based lissrelated to the
40 physiological and biochemical characteristics of fimidazole

6 | Journal Name, [year], [vol], 00-00 This journal is © The Royal Society of Chemistry [year]
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(Fig. S6). The decrease of astaxanthin contemi.ipluvialis is
thought to be due to active degradation of thisosdary
carotenoid into accumulated primary carotenoids
photosynthetic pigments such as chlorophylls footpsynthetic
s cell growth?®: 43
From the perspective of the extraction-process@uics, it is
highly desirable to improve the germination rateHofpluvialis
cyst cells. To that end, the effect of nutritiorm@ndition was
investigated according to various compositions OE®C
10 medium (Table 1). In the results, the germinatite significantly
varied with the media used (Fig. 4 and Table 1)thée the 2x

(vitamins alone) nor the & (all components) condition in the

NIES-C medium significantly changed the germinatiates. By
contrast, the NIES-C medium with either thex iitrate or 2x

15 (nitrate and vitamins) condition accelerated thergeation ofH.
pluvialis cysts. Specifically, under thex2nitrate condition, after
12 h germination, about 81% of the cysts had geatadh among
which about 60% were in the dividing stage.

100%

80%

60%

40%

20%

Relative distribution

0%

2x vit+NOs3

® Matured cyst ®m Dividing cyst ® Releasing cyst = Empty cyst wall

20
Fig. 4 Effect of nutritional composition of NIES-C medin 24 h
germination oH. pluvialiscysts. Original (1x) and modified NIES-C with
2 x all components (2x), 2 vitamins (2x vit), 2x nitrate (2x NQ), and 2

and

Conclusions

Here we conceptualized an energy-efficient biotetbgical H.
pluvialishard-cyst pretreatment alternative that utilizesgrocess
so Of germination to facilitate extraction of astaxa@ntusing ILs as
green solvents. A simple “breaking dormancy” sggteesulted in
loosening of the hard cyst walls ldf pluvialis, which allowed the
ILs to penetrate the cells and to successfully agxtrthe
astaxanthin-containing lipid droplets. Of the savdts tested,
ss [Emim] EtSQ efficiently extracted 19.5 pg/cell astaxanthinnfro
the germinating cysts over the very short reactioe of 1 min
under ambient conditions. Moreover, we showed @haintrolled
germination of cysts for around 12-18 h resultedlig-fold-
increased astaxanthin yield compared with theahitiature cysts.
s0 The germination rate also could be improved throogtritional
manipulation of the germination medium. Althougte thresent
study is not directly leading to a practical apation, the
demonstration of exploiting mature cysts germirmapioocess as a
promising greener pretreatment strategy could ifatel the
es efficient extraction of astaxanthin frosh pluvialisbiomass while
cutting a significant portion of downstream costs.
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Energy-efficient means of astaxanthin recovery with ionic liquid

PT) £ ° o
Haematococcus pluvialis , .'. © C‘Ea‘. °'§'°‘m .
Germination ‘ ' .. "' lonic liquid %%
S e Ok, =3 ALX
& Nmmeamm/‘ —u‘.‘(\b » Greener extraction iy
Mature aplanospore o ' Astaxanthin extraction
Released zooids

o )

A highly energy-efficient natural pretreatment process of germination to assist ionic liquid-based extraction
of astaxanthin from Haematococcus pluvialis is developed
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