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Summary

Microalgae are the major primary producers of organic matters in aquatic
environments through their photosynthetic activities. Dozens of microalgal species
are produced commercially for single-cell proteins, polysaccharides, healthy food
compounds such as polyunsaturated fatty acids, and vitamins in the pharmaceutical
and the dietetic industries. Recently Haematococcus pluvialis is widely studied as
one of the best sources of astaxanthin (3,3'-dihydroxy-B,B'-carotene-dione), a
ketocarotenoid pigment with potential effects of cancer prevention, enhancer of
immune response, and a free radial quencher.

In order to accomplish high growth rate and high yield of astaxanthin
production, wild type cells of Haematococcus pluvialis UTEX 16 were mutated
and screened by using the treatment of colchicine and EMS (ethyl
methanesulfonte) under UV irradiation.

The statistical approach was introduced to find the optimal process
conditions. Several induction methods for massive production of astaxanthin were
also investigated in photoautotrophic batch cultivations. As preliminary experiments,
a sequential methodology based on the application of two types of statistical
designs was used to optimize the astaxanthin production in shake flask cultures.
The first design employed was a fractional factorial design 2*° with resolution of
III, in which the factors studied were: excessive irradiance and nitrate starvation,
phosphate deficiency, acetate supplementation, salt stress, and elevated temperature.
The experimental results indicate that the amount of astaxanthin accumulation in
the cells can be enhanced by excessive irradiance and nitrate starvation rather than
the other factors tested. Central composite design was then applied with four
variables at five levels each: light intensity, nitrate, phosphate, acetate. The
optimal conditions for the highest astaxanthin production found to be 1040 PE/(m
?.s) light intensity, 0.04 g/L nitrate, 0.31 g/l phosphate, 0.05 g/I. acetate

concentration. The effect of the two major induction factors, excessive irradiance
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and nitrate starvation, found in statistical methodology were introduced to the
cultivation of H. pluvialis in bubble column photobioreactors. The cells were
inoculated at 6.5x10° cell/mL and the experiments for astaxanthin production were
conducted under six different light conditions and nitrate limiting condition. The
surface light intensity was varied from 25 to 900 pE/m’ -s) by changing the
number of fluorescent lamps. Nitrate concentration was sharply decreased to nitrate
deficient conditions after 2 days. Under excessive light condition of 900 LE/(m* -
s), the maximal productivity could be obtained as astaxanthin concentration of
over 700 mg/L, which is higher than any published values and 7 times higher
than that under 25 pPE/(m’ - s). Spectral quality is also investigated for astaxanthin
production. Astaxanthin formation is enhanced under red light than other
wavelengths tested. Astaxanthin formation per cell was more efficient under red
light than that under wavelengths tested. The cells accumulated more astaxanthin
under flashing light than those under continuous light. The results clearly showed
that the efficient astaxanthin production in bubble column photobioreactors can be
accomplished by supplying excessive light energy (preferably flashing red light)
under nitrate deficient condition.

The operating methods of the bubble-column photobioreactors (400 mL, 2
L, 10 L, and 30 L working vol.) were also developed including nutrient feeding
in fed-batch cultivation and lumostatic operation for efficient supply of light
energy. Results showed two levels of the specific rate of light uptake (g =
4.5x10° and 3.0x10° pE/(cell - s)) resulted higher productivity than that of the
control experiment (lo = 90 pE/(m’ - s)). But“the culture with specific light uptake
rate of ge = 1.5x10° pE/(cell - s) showed low productivity. In the culture with ge
= 45x10® uE/(cell - s), the cell concentration and the astaxanthin production
enhanced over 200% than the control. For the culture under 3.0x10® pE/(cell - s),
the cell concentration and the astaxanthin production increased almost 100%
compared than the control. Therefore cultivations with the lumostatic operation
were a desirable operation method for the cultivation of phototropic

microorganisms.
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The downstream process for astaxanthin production was investigated for
efficient cell disruption and extraction of carotenoids from cells. The extracts was
proceeded through enzymatic hydrolysis reaction iﬂ order to transfer the mono-
and di-ester forms of astaxanthin to free forms of astaxanthin. Then the astaxantin
content in the extracted carotenoids was analyzed quantitatively by using HPLC.
The astaxanthin stability was also improved by the usage of silk protein.

The experimental results in this year indicate that more study for strain
development are required and lab-scale bubble-column type photobioreactors can be
a good choice for high-density cultivation of H. pluvialis. As a goal of first stage
in this research, three types of low-cost trial products were manufactured:
cosmetics (essence and eye cream) and soap. In order to commercialize the
proposed bioprocess, more study is required on up-scaling strategy and effective
inducing method. At present, we are testing a two-stage system and scaling-up

strategy.
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g, B3FL 5o A 59 At AHEE £ S By ojg, Y
A8 Atg 2 AESA vgEse AL ToR I diide] HA ddEHn )
=3
. o], 52U § AXFE FHO
2 gAde] B S A BAE Y Foln, HIZde F7, §¢
ofAlo} 5o Yl ME adsE AWEa Uk o F F mAHEFI} A
U B3R5 344 ZAEH G SN 2hE AEF F 37 % o
g Adste vAERF Y R 7hsAES HU ol &3t nREIIMA F&
AE BgFHol1r AAAHA e AT vAZRF LEEMES AT A7
=& MEstn Qo & adie pAzRAA A" 127 FEAE Fo
A HZo AYEE A A7t 8] JYPHI JIE astaxanthin®] £4 2 &
49 2 S AA 75T st 2otstA
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A 2 A olxEptd o] &?

o} 2 €}2El(3,3"-dihydroxy-B,B'-carotene-4,4'-dione)-& AtAA M dz] X
o] gl keto-carotenoid® polyisoprenoid®} oxygen quenching 7] 7}
benzenoid rings] AgAolth AAFHANM ofrEpiEe FHA EE B A
< on dof, o] £ AR T the ALAEHS 2R AoAX Fa A



& BAZAN, AFY 5EY Al V15 FAAIFIL, virus, bacteria, fungiol)
o3 ZAE AAAIN, cytokine = P2 Qste] AEVF S BAEA
719, T-helper celld] 7]5& FHAD & e A=z deix Yot =3 &4
AFZA(oxygen radical)®] A| Ao 218k cancer initiation3} propagationd] AL 7+
AANA d28T G T G g A 3L peroxidation S ZEE BF
&te] 3} WA A#sE Atk ATrE of2ERIELS BlER] AY ATFARA
A7 w9 FA "FHoln, FFAM FF AAN AH7} ddn &
A retinole] AFAo]7|% sty HIZ ATE T3t olzEltEe FH
FASAZ 209 FEAAANA BAAS e HER Cy AEA BlElY E
A a- tocopherolo] H]3led 500-1,0008] ¢ Bt Fakst A7l YFHo] o
A e HEFHMEEAMY BEo| 7ted Aoz Zddeh 53] 19999 8
dole 5 AFAFAEFDAANA AF H7E, 7154 F2E, JdgF 2 A
FERE A2 GAFEE 52 wol I LAV 0% FoE AeEg V)

A3 A ckzEdEe U ol g

OfLERMIRL FHol Atg T AFIIMA &xoM, AT T
€ 878te 7I5ASAE, AUV, AYE To29 F8o] AwEn
Atk AA 10% FT o Fe &5} kg 2,000-4,00022 2] m7lo) wju] =5
om ALRTE old, SlokE, SE, ARAE B0z AGHAR 10%c] e
14X 9 astaxanthing] A§Alo] B4 o]},

r4>

O At FH7HA :
OFZEMIE 2 AU ThAle] A F, £, Aolo Fo ALY, o

< astaxanthing AFAAE # 911, HolatEdd st HFstA ot gty

€< FHste A FHE ALRO) astaxanthing HoJFE, FE| Ao

I 7HANE =49 F o, A43 astaxanthing] FAjo
ks

I
=
A, FA A R Ao Fol WEad dFL @ 2= F 2L FHo Utk



A AlEE 02 AlEHE astaxanthin® AHF FPo] &3, do] AlRR
g L5 e AFS s Ao

Astaxanthing 7}&o] F9g ¢ T-cellz} Bcell 59 HIANEE &
AEAA WY 2 A TS 7 YFL2 BYU)so] HEsA S04
of, =3, ¥g B A5y Fu, 2EL LA EAT} o) Hdsioh @
A dErAME FF FA AR astaxanthing 2~4% F7FE F HolA £
e WY o, ALR 2lo] ¥ 10YHF astaxanthin F Aldo] ALtEo] dxt
AdrT 3~58] & 7HFe2 #exn ok EF HAHE He $H] &
Aol EolA A, ATl astaxanthino] FF3HA Hol, A2 ATt
7hestth. 2, AIRAHVIAZ Y] 882 dwtEoE Gyt wig @) o
ol Tl Aot 2ol EXE o] YA R, HEFe] A=A EEY
duHeg 4 7IFdM e HFetA fox Atgdo

O 3FF #of

Astaxanthin®] ¥R W3 UZH B A2 RE HHolAE
£ RodFn, S dt2dy 43 E WAAA, ¢¥de AR FA5
& Toan, Aodd o3t IHIEAE AAste A, dHdAEES o
st 2§, st A% FEAAHE WASE FE Fol o, nUEgs
sto, ARt 3 HRE FANES TYgFE o2 d4¥A Ao =F
astaxanthin& A 9@ z}E AEF 20 23 3yHEx319 I5 troubled] U<
o] H& FNBAHILE AASE ste Fitssgo] HEY ES 2F 500-1000
Hjgbs Abdo] FAHAG-

we}A] astaxanthin®] 738§ 34ksls = I provitamin AZ A 9] 29
ZRtste, astaxanthing ©HJUe IR E TEE HJRAY FAHRLEA
shgEe &85t vk ES o AsiA g EREtY AFol AHEFe
24, W93 Fo] <3t carotenoid Mol EAES /AL, FFF Y5249
HBAEE Eoled 4Fstd, d&9 30 FFIAE st FZ=(KOSEVA
A 1999358 Y2H, gLdold, 270AAZHETE Eujste dA QU7
o i o



0 HE L AGE

olzEatEY AR FAste BHE ofdld AFHNE - Awz
=

AT} astaxanthing Tt GAkgEtE o]9jox 1k WYY &438, o
i, HEtd A H7A 5 F8% A 988 sl Aoz uEAd weg
e i a9E JhA 3R 3559 1459 astaxanthing] 2 £
=7F #9s] gD Qo

HA 1.5% astaxanthing& A A5 2 A|dstn Qv v Ao}
gl (Cyanotech)A}o] 7§, 1H7} JEOSZ9 astaxanthin®] HAATE $33)
A 4do] AR, ofFolA X (AquaSearch)AtE A A EFsF oz AP

3 of

T

25% %9 astaxanthin® AZRZAFoZ Hujde o 233 £3
oltt. BA o FF(FFEW AstaFactor)e 5 mgRE] o}EMNEIS 603 Y $30
of i g1, ol kg F $100,000 FFof| 3l stAo|th =& 3353
SR oly AR HANA FE3 astaxanthing] 7FAE YEFZSHA by
o 93] AJtE astaxanthinBoheE A EF Ho 2, 3 I uk-g} 2 (Hoffmann-
LaRoche)At= 8%(w/w)e] 34 ol 2ElE(FES Carophyll)-S $2,000/kgol] =
aoglen, dE9  oEikx(tano)rte AZAFAN  FE2F 10%(wiw)
astaxanthinS- $8,000/kgol] A|#3}1x ot

Al 4 A olzEH 1R AAd7e

ofEEMIE S Adshe WS A S7HA Ax7 AMEREAY AT
A gler A bt aAtdl A AN T JE 3 FAMLS AdFH
o2 &8, A4HD 3o 22y astaxanthin®] FE7} BRstn, 348 A
of 2l astaxanthin®] QI =7} ol A FAH{FEo] FojEm Utk =3
astaxanthin chiral center’} 270} Uo]A, 3384 FAAO ZE racemic mixture
7F Aol H3 9a tRE free acid formo] FAEE FAZ oA, Ao
BolA o}A m= FDA g0l HA %o} Aggo2? EHD Yok wFH
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A% A 5

e o zx nAEL 0]83ld astaxanthing F23= W]
=4 Phaffia rhodozyma, Agrobacterium, Haematococcus pluvialis©. 2 5€12] A4t
o] d3x: YU}, o]F BLS AX Phaffia rhodozymas RAZAEE7F w2 A
29 2gol Bage BHol Yo, ohEAY FHF00We Az
(3R, 3R) formT+-& AAtste] AFF o E ALgo] AFHAT. dA) FAGEF
< 53 AMAAEY A7 ARFHT dou, /A 22dE 522 Fe A
Feo] goAe ddE SHIAV oHE Aoz HAT EI IR
AgrobacteriumE %23} astaxanthin AJA4H zHA] v|AEZHE Y ALRTE A
AHENA Felgt FHARES o] &3l Saccharomyces cerevisiaeZHE MAE Al
Aete Wle]l ARET e, o] e Aol AxF EA7E dot
At wrA B M ZFQ Haematococcus pluvialiss o}2~Elatel o] 3f{-2ko] &
1(6-8%) ENFF T 22 g AqYALE o] &, AA o]&Aol =& (35, 3Y)
isomergE AASIEE P 7beAol 2 v EI AR wld7|Zte] Fa A

A9 FEHAHo] Fasithe dHE 7HAL 3ol olF syl Az BLd
A7 JYHL A

A5 A AEEES o]&d ofxg e YA

Z & astaxanthing Aoz A= 7|1€EZ A Haematococcus
plwidlis FFE i1FvE t@Fidste W #g A7t &2 A A
AA AFE AEste 7I92oz2s PIF9 Alokxdl(Cyanotech)A}g} ofFtobA| %]
(Aquasearch)Al, Y& FR|(Fuji)Ate}l olBb=(ltano)At7} 1o, &) Alg B 1%
BzAFo] dEoo] Ut of Foke A4UlEd AERY 1FE W]
&9 Jdeln, dAY wFHL HFFE o] &3 FYRE AT EA
IFT Higel e e AR 9T o] A% FAVE o] ez o}
2R bl AAA o] HolAls Aoz dEA Utk

A AEsEY e 7l HEFE o|8T & Ue MEE 59



lFZ(open pond)oll A thFujFd uvlo]uj2E o] 83t ALE9 ofAgtat
g AEE st 3ol MEEe Utk mF AloliElAle A 8313 A
EFYL 71520l £& F9olo] dFEY MEFHE X3t astaxanthin
< At ok o] FHL 2GAE FTAHY, 19AldE 2 &(paddle wheel)
22 WAE €N FE(raceway) FEI S w2 FE Fejo FHEut
de HIFS

5] 1A A

=)

—_

- 7I(tubular photobioreactor)oll /] FEE 2 FA|u} LI, 294

Al

ol F e &9 WFZoA astaxanthing F25A ®o).
+ vegetative cello] AA3}7]o] 2 < AHE pH, &%, Joie =
Astal glew, ojwf pHE olitstgio FYo o8 zdsta, &%
9 A2 AFE dudrld F83e WHoE WIYLEE Ao 1
E9] vegetative cello] At Fole 2@AIZ LUz A JgA 1T,
T, Yg2r 58 2dste WY O Z astaxanthin®] AT U2 23S $531d,
B T8 S F7HAANA "ok B w3 ofFolA Al &8

)
tlo

fr

4

o 3 do

0 Lo ®E Fee] ZFAE4ES7|(tubular photobioreactor)
AN Haematococcus @55 wWFatel, Ao Bz TAFTE o 036 g/l opx
B2 9 mg/Lg Ast ok 2y o] 4Aska, grazingo] <@ A
T &40] A3 WAl FAVE AL AL gon, xFo AR

RN FEHIL gl FEOIT

Atk 53] vm, 249, 290 § FHANE ATFL o4 1ELY I
BERE 718 ©]838t] astaxanthing AAMSHE WHE dA7stm glon, 9B,

22td, 47tE 2N M HaematococcusE ©]-2-3 astaxanthin A§2F A7} R
% FolthTable 1). A =EL2 AT F Ye LES UHF FHYEWS
71E °l &% MFdHAE d39 Young ATHY HAE 30 L M HE
AxTATE & 1.5 gL7tA Wi ¢ YAon, o]uf astaxanthin®] 5=

£

_10_



A 375 mgL7hA ANE F Ak

e} AFE B A7 AAFEe ATARE Fusm glow,
29 2% o 2 AgAdAN 712 9FE Fdsx
e Ful Z1FdATY wrke) EARYH S-S Leisto]
LEEY BABNSINE Aol FHstn Atk =T $87
=z

Z 8 EG¥olE o8 TFNE, estaxanthing] IFE FH7|E,

Y
i
X
Ho
i
2L

astaxanthin®] £ FA| 4Fs 7|gd #g 7|2 A& I Ut

ol~etitE el 8 E Tl AR AMEAdA Hojy -5
A, AESAA, A T EHE A, FFF L JIFOoBZXY A
2L 8229 AARE MF g A%oldt. 20008 % AFATEE AEF
el Wy o g AALE astaxanthingt 39 5HW G2j(eF 4% )0 o2y o,
il 30%0]3e] Al Ae] s vk mebA astaxanthin®] AJARE A 9
AEE ZrIdeg 1,000 o] FANA AR} A dog Y7L A
AXZe dgolgte 7T 7teAdT AFAEE T F UE A2 7Y
R2h=

Table 1. Astaxanthin yields obtained by various researchers

Yield Working
Authors : Remarks
(pg/cell) (mg/L) (mg/g dry wt) Vol.(L)
Lee and Soh 1991 - - 40-43 2.5 Chemostat
Yong and Lee 1991 - 7-8 - -
Boussiba and Vonshak 1991 60-100 - 17-19 -
Kobayashi et al. 1992 - 7.5 10-15 0.1
Grung et al. 1992 - - 7 -
Kobayashi er al. 1993 40-50 - - 0.1
Zlotnik et al. 1993 77 0.1 30 days
Ly Elevated
Tjahjono et al. 1994 200-250 - - - temperature
Lee and Ding 1995 30.6 39 7.3 -
Fan et al. 1995 - - 32 -
: Tubular
Chaumont and Thepenier 1995 - - 13.8 - photobioreactor
Photoioreactor,
Harker et al. 1996 - 27.5-40 - 30 80days
Chumpolkulwong et al. 1997 100 - - 1.8 C&Tg;cg"
; Light
Kobayashi et al. 1997 30 9 - 0.1 independence
Griinewald et al. 1997 40-70 - - - In flagellates

_11_
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Al 3 E AN

A7 FH14 227 o8 == FEEAS diF AeA HAx, A4
279 ZAvE BEAE 1F A7U 2RI {8445 A4S AT AP
o FAZ 2F7)g0] AEEHT Ao ukFHog EdWole FAA A
W3t oste] dojuhe A9, FAA 8t Ay floAAY, dReE =
oJutA FHA7E Rl FUtEAY AR Q5tY B HE FAFHA Wz
AAHo2E dojuyAwt QA oz WAtdolY 3t dTe JFoz Yo
Use Z+e ok Ed¥o]l fEdoZAMe XM 2L o2 HApMoly
5 EdWo] =BT vixE =7t GASA, JAEHE, F
AR =, 2gEA, F3]7 (colchicine) 59 38d EdqAwo] FEEo] o}
£ A7 astaxanthin®] A &S ste] S UV HAL

A AL} 3181 WHo g2 EdWo] - 3EAQ ethyl methanesulfonate (EMS)
o Z3|3& o83t Ao Lot thgg TR Qs FE3)

=
=
o HEHoZE= FAAJZo] WE T astaxanthin

0Ys 4B Azde AZeN Pel@ LBo= A4
colchicine2 #IF 7ol e MEo] AHstH o] F3|xlo] HFALE o|F&
AARe BEgesM BFAe B4 ol GAA 2AT 23 sl )
FAE LA drh. olgd EdWo] FLEAQ colchicined o] £5}



wide type A|XEo] st wj7lE HEE FEFOFA astaxanthin = F &
o] +4% MEE FHsluz 3t}

H. pluvialis®] EAWolE /NEsted SloiM A9 wixE FA3) )
Astd  7]&9  astaxanthin @ QYL AT "AHARF  wjgd 24d
Proteose-Peptone Medium (PPM), Yeast Basal Medium (YBM), Modified Bold's
Basal Medium (MBBM)% | A1 & AM&-3ta] Mo Ao vxe A4E vm
AE 3tAH

olg WAE AMEEA AR mAE FFE vlws] £ HAAS Figure
1] Jehiich PPMe] ¢ MBBMd| uls] MEe] AL okt wzu, A
X7} ARl w2l A QAEIt EokAWA AMXE7F AFESEY] AlERO
E3 PPMHEIAIE o] &3t AZE Wol U Ao} gle A wFEAR
< 7%, 9ol e et Yol gl HEHED AXe HFEE} 5L AL
stk YBME A 343 RE AX9 47 AFn Ha ArEstr] A
ZH . whdo] MBBMu RS A MEE A3 JE2 FAA7L, A&FH
o2 AEE AFANIE o2 Kol B AFadA si'E3 MBBM H X7}
dFNFle adHo &84 ¢ USS FUsAh

H. pluvialis NX= R DAY A7IE AX sl AP = life
cycle€ 7}A 1 Qe Aoz gl Utk o]yt A]|7]E9 colchicineo] 2t 3}
d=de AHEstd QR fRHE AZIE AAII] 5] vegetative
A1719} immature cyst A|7]2] A X colchicinex]E] & 3t 1 AH/E 13}
Attt B dFolAME vegetative A]7]9] MIX ¢} immature cyst A]7]9] A X
colchicineE 2|3t EdWo/l fFrdHe F=E vlwI AAE Figure 29
E A1) Vegetative Al7]o] E3]11& AR e o wold® MNEZE #FE
T AU, ol¢t 2] immature cyst A7 AT MIeos WIE FAY
T AUh

EZ colchicineg A3t EAWE LA 7Ied AN 713 &
FHQ M E 23] Ao 14, 29, 3Y 42 gE 71 Hgs)
o MES ZEE controld} Bl E 2N G HAHHA XY7|HE AR}
N2 A7E I3 Colchicines AHE-3H EWo] futo) H3 e X7
e FHet7] A3t wide type] vegetative M Eol] 1Y, 29, 3¢ Tz

oft

l..,
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colchicine g X &3t AFHE Figure 39 YeEIAS. 19 A3 A controld
Hlaste] Ao Z7]e HstE #FE 5 YU 297 3Y AT AEe
control 2 TF AX U= & FAY F AUk o] AAE Fsio 29, 3¢ A=
AT S ZF AsEHAY] g, 39 HAPE 29 Ao vis) B A
ol 8 FHEE HIAAACZ & ¢ JenE HAY X7 292 FA
st

1.2. EMS (ethyl methanesulfonate ) %] &)

EAHo|AE A ZE37] Y3t alkylating agentZ A sulfonate 1 &) 3}
Ul EMSE H. pluvialis®] wide typeol] X213 &, A 2] AJ73} astaxanthin
FHag] & Ed¥o] AXE M A8 AT AuE FF3HY
wide type? Hlwa] BStth 1 A EMSHE O] o8 A< ujlREe AHEs)
AR (85% dataoll LEMA] e5)3tR2m, ot Figure 47 o] NEYHE
Hoks o HES MES Ao A=A F%ow controldt W EHEIA vt
= RS ¢ F AU A oA Wold AMEe dERPe] Hdy Fo 3

o}

13. UV ZA}

TNl doJA E2)FHQ Wy 2 X-ray, gamma ray, cosmic ray9}
2 o]23 WA UVe 22 Hlo] &3t WALMe] B85 gtk E A7
dre 7Hd wel o] &EHE UV AL S AE3Ste EQdo] AXE fx3)
1z g

224 B EA B RWHSA sd¥o] fdo AMSHE
UV AR 9] £82 260 nm B2 2o ko UVAMIS wale 47
Solth. wegkA B AFoA= MEAAT astaxanthin SZjo] Bt} e A
E A937] Y39 UV (254 nm, 15W) WA G o] &35t H pluvialis©] wide
type Al XEo] UVE AL FogA EdWo] AZXE A= B3Rtk UV AR
< °]&3ld ERolE Axste Aol 7 EHRFHA UV ALA 2AHE
& 2R3 Ystd, 15&, 308, 458, 608 T AlEd UVE ZAMAA AX

_14_



£ H1 - AE3FYY. Figure 55 UV WAL ZAL Axo] wgt A Eo
nXe g2 FAS] A 158, 308, 458, 60% Ztz o AHEt UV
WAL S ZARRE 23Z, 2QWlE f=st=t ojA UV 3AbdE 3
z g 48] F =7 7H5EE ElsHa, dAl o
o} 2o oz R EdWo AXE A Folu.

0Es

fulr

(a) (b)

(c) (d)

Figure 1. Micrographs of H. pluvialis cultivated using the PPM under (a) light
condition and (b) dark condition, (¢) the YBM, and (d) the MBBM. The bar

indicates 37.5 pm.
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Figure 2. Micrographs of the wild type and mutant cells of H. pluvialis: (a)

vegetative cells, wild type, (b) vegetative cells, colchicine treatment, (c) immature

cyst cells, wild type, (d) immature cyst cells, colchicine treatment.

(a) wild

Micrographs of the wild type and mutant cells of H. pluvialis:

Figure 3.

type, vegetative cells, (b) 1 day colchicine treatment, (c) 2 day -colchicine

treatment, (d) 3 day colchicine treatment. The bar indicates 25 pm.
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Figure 4. Micrographs of the wild type and mutant cells of H. pluvialis: (a) and
(b): wild type, (c) and (d): EMS treatment. The bar indicates 50 um.

o

(i

Figure 5. Micrographs of the wild type and mutant cells of H. pluvialis: (a) wild
type, (b) 15 min U.V. irradiation, (c) 30 min U.V. irradiation, (d) 45 min U.V.

irradiation, (¢) 60 min U.V. irradiation. The bar indicates 32 pm.

_17_



2. A3 $HE o] & astaxanthin®] 29 Fd3}

2.1. Astaxanthin =4 52 9 <1z XA

B A3 A e H plwialis®] A EWHFEZ astaxanthin F3HES F=8 4
Ae A7 A2 F A% ZHFAA QRS APetr] s 2 )R (factorial
design)& &8 SA3F IS FIsATt. F astaxanthin®] F A FFE

nXe 29W$2 67] UAAKD 1B =(high light intensity), @ nitrate

tlo

deficiency, @ phosphate deficiency, @ acetate effect, B® salt stress, ® %)=
257E0 diste] AFES AAS 43E FHSAH(Table 1) dFFHL
ZE oy 7R $AXAL 23sl ZTA3 (100 mL working vol.)ol| A
F3Ea, Agdan= MINITAB® (version 13, MINITAB Inc.) ZZ1H & A}
£33l EA3PC oluf AP A fresh cell weightd astaxanthin FX o] gk
< 71822 AtstHH

Table 1. Factorial design.

Factor ) )
Light intensity Low = 40 pE/(m’ - s) High = 200 pE/(m’- s)
Nitrate deficiency 0.246 g/L 0 g/L
Phosphate deficiency 0.25 g/L. 0 g/l
Acetate=0 g/L, Acetate=0.1 g/L,
Acetate + pH . o
initial pH 6.5 initial pH 7.5
Salt(NaCl) stress 0.025 g/L 0.225 g/L
Temperature 25°C 30°C

293
A AAE Zzte] @ £ A FS YEE ALE, o = 0109 FEA
5wt BASATS. o 23S o] FRANA Rold aRE FAF

fr

Figure 6(a)oll XA]&F Pareto chart= astaxanthin &2 & X3}
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o2 293ty BdE M, astaxanthing AL 535t AA £ 135 (high
light intensity), nitrate deficiency 2 £ 22 $ Q%2 st

Figure 6(b)2] F& 3 1Y (main effect plot)}2 QIR z} F£FA2] vl
A A9 doHE AT WEe 19 Ao, HHOE Y Uk AL 3
Bagtold, 4zte Al wet A FEE -194 12 WHElE AlFe 9
Bagkel wol ¥std A 1 At 8% 89S ristA g9 4
Z2F#E 48] H9A Figure 6(b)8] Ao ebdl #ie} Zo] P (high light
intensity), nitrate deficiency, acetate®} pH®] &4 &3, 11-2(high temperature)2]
£ 0 2 astaxanthin®] =Zo] g v]AS & £ Uttt E3FF phosphate
deficiency 72 ©& <AzEY FHY ¢ ZHYLS Holed, o|AL
phosphate®] ZoE <Ql3] buffering 347]' Zaste] pHZE @ol WHEsHAA
astaxanthin =32 §%3] FA 3 Aoz FA =}

Figure 6(c)9] 13 Z-8& IY(interaction plot)-& Ztz} 27) 9] <QIz}E Zh
gGere njae AL E e Aoz BT o ALd £ nitrate, acetate, salt®}
nitrate®] 73 9-o] = phosphate, acetate, 259} 2}zt w3 3}H8o] YL ¢ F I
th B Axl29l AFES 53] 1P E(high light intensity)9} nitrate deficiency
o] Zzo| astaxanthin £ F=3t=d 7 EHFHA AxYE FAAE
AR
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(a (b)

Pareto Chart of the Standardized Effects

(response is ASTIFW_1. Alpha =.10) Main Effects Plot (data means) for AST/FW_1
Light _ A A A A A A A A A A A
inlensity 744
Nitrate —|. 89
o
et £ o4 / ™. / e
= < =
i 2 .| / / o
Temperature
54
Phosphate —1 .
i tight Nirste  Prosphate AC%W oy giress  Temperatue
Salt stress  —{ H . s
(NaCly M intensity +pH
1 )

(©)

Interaction Plot (data means) for AST/FW_1
A A A A A AA AA A

" = 9
Light - [ e s et
«intensity | .-~ . L e 7
o1 — — / —_— ——— g

Nitrate .- 7
1 T S e T
o1 ——t / — | 15

9
Phosphate 7
’1 T | et | et
. - 5
9
Acetate +pH
) [P BT 1
o1 — |g
9
Saftstress 7
o1 e
.1 pes=t 5
Temperature

Figure 6. Experimental results using factorial design: (a) Pareto chart, (b) main

effect plot, (c) interaction plot.
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22. vk ¥ A3¥ AA (Central Composite Design)

A2 AAHE F3td #HE F8 astaxanthin £3 F= AAE
Z7AL 27 93k, §H2 FTH A H(Central Composite Design)S ©] &
T APe AT ¢4 QAL T8t astaxanthin®] FHE # =35
o %, vjAx] R4 = nitrate, phosphate, acetate®] F %=
of didte] 571x) t & FFo it flasko| A P& WA i(Table 2),
T ZAdE MINITAB®(Version 13, MINITAB Inc) T2 AME-sle] B3}
Aot mFxe WAUAE FFe7] st @27 W Z(hallogen lamp)S &
23} astaxanthin®] F2-2 FLE3¥1, APEFAE A 2094 48
Y oz Xyt
Table 3-& ¥ W 49 AH#E AT ZREZE o] =R Z4F2
AREE 1, 22 A9} 13, pvalued YERNT lom p-valueo] Z} Az}l o
3 25 E B9 4 U= UFEe] o p-valued} a-level(a = 0.05)S Bl
gl a-level BTt @AY o 23 AAE BAEE= ZA7F €T}k Table
39| A p-value gko] 0.0%0 FX 9} nitrate, acetate?] Frv F L3 AAZ |/
%™, phosphate= FF-E VXA @+ A2 FEHC
Figure 7~9 7}A9] Z4zte] wg W oM Fxrt /LSS
(1040 pE/(m’ - 5)) astaxanthin FE7} Z7}3lE ¥, nitrate $57} FASFE

P

astaxanthing =7} F718le RS AT 4 Uvh. EJ nitrate FE7} 2
Astl M =7} ToFAFE astaxanthin o] 2A JFL vPL L 5 3
tHFigure 7 (a)). 28]3 X+ phosphate F%=7} ¢F 0.3 g/L, acetate T+
0.1 gLolA 71 FFE ol FASS ¢ & Aot (Figure 7 (b), Figure 8
(@). E3+ Z}z+e] A e FX = nitrate= 0 g/L, phosphatex= 0.31 g/L acetatex
0.05 g/LY-S TFHsIH-

Zt QAo hE HHIE Y5l =2aYS ALESe] astaxanthin
A f=9xe AARE =EAT £2E HAZRS FE 1040 pE(m’ - 5),
nitrate X 0.04 g/L, phosphate 0.31 g/L ; acetate 0.05 g/Lo|t}.

ol# FAF ATHHE T3 57HA AAEC g AAHLY FH
H3l7t 7hs sk
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Table 2. Central composite design for astaxanthin accumulation.

Factor -2 -1 0 +] +2
Light intensity (mmol/(m® - s)) 40 290 540 790 1040
Nitrate (g/L) 0 0.123 0.246 0.369 0.492
Phosphate (g/L) 0 0.125 0.25 0.375 0.5
Acetate (g/L) 0 1 2 3 4

Table 3. The coefficients of variables in CCD on astaxanthin concentration per

dry cell weight (g/g).

Variables Coef SE Coef t-value p-level
Constant 0.020000 0.001201 16.648 0.000
light 0.005667 0.000601 9.434 0.000
nitrate -0.003333 0.000601 -5.549 0.000
phosphate 0.000667 0.000601 1.110 0.287
acetate -0.001500 0.000601 -2.497 0.027
light*light -0.000917 0.000562 -1.631 0.127
nitrate*nitrate -0.001667 0.000562 -2.966 0.011
Phosphate*phosphate -0.002167 0.000562 -3.856 - 0.002
acetate*acetate -0.001542 0.000562 -2.744 0.017
light*nitrate 0.000125 0.000736 0.170 0.868
light*phosphate 0.000125 0.000736 0.170 0.868
light*acetate 0.000000 0.000736 0.000 1.000
nitrate*phosphate -0.000625 0.000736 -0.850 0.411
nitrate*acetate 0.001500 0.000736 2.039 0.062
phosphate*acetate -0.000500 0.000736 -0.680 0.509

_22-



(@

0.031
0.02
0.01

ast/dew
0.00

0.01

light 1000
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10.20' *phosphate
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light 1000

Figure 7. Response surface plot of astaxanthin accumulation: (a) light intensity (U
E/(m2 -+ s)) versus nitrate (g/L) under constant concentration of phosphate (0.25

g/L) and acetate (0.2 g/L) and (b) light intensity (UE/(m® - s)) versus phosphate

(g/L) with constant concentrations of the nitrate, 0.246 g/L; acetate, 0.2 g/L.
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Figure 8. Response surface plot of astaxanthin accumulation: (a) light intensity (u
E/(m2 - 5)) versus acetate (g/L) under constant concentration of nitrate (0.246 g/L)
and phosphate (0.25 g/L) and (b) nitrate (g/L) versus acetate (g/L) under constant
concentration of phosphate (0.25 g/L) and light intensity (540 pE/(m’ - s)).
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Figure 9. Response surface plot of astaxanthin accumulation: (a) nitrate (g/L)
versus phosphate (g/L) under constant acetate concentration (0.2 g/L) and light
condition (540 UE/(m’ -s)) and (b) phosphate (g/L) versus acetate (g/L) under
constant nitrate concentration (0.246 g/L) and light intensity (540 WE/m’ - s)).
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3. A] XY astaxanthin®] 1% =3 wio Ap

3.1 GIAAE9] feeding WY o] u}E astaxanthin =7 § %

T AU 9 astaxanthin®] 22 FA7} B QAA}e) 2o)sted stresstt
T XA o]FAAH, omf cello] lysisHo] wAFE7l #AAde A
delA Utk wWEA B dpdMe dAE LEEE FASEA a3F
astaxanthin® % 23}7] 93 WHo g, JYAEY feedingZ o] TS+ 2
FP5t . 27| E nitrate deficiencyZ74 22 3t AP} fresh medium e

o
b

o

el
=

U (

23t 384 wjUs ALY FZF nitrate, nitrate-phosphate, total mediumg 7z}
7}t feedingsle] F= WHOZ bubble column FAEWHS7](400 mL working
vol)E &MU astaxanthin A& fFile AP FPSHAD. oy
6.5x10° cel/mLe] L¥ =2 MEE FEFHFPOW FT= 350 pE(m’ - )& &
23t A ot

Wi A= Figure 109] YEIW oW, nitrateE feedingd] & Ao
nitrateE LZA|Z] ARG AXFzrl 20l3E 2SS FAsP). ol &
o astaxanthin®] & &£ stress ZANME 1ET FAS X&Hoz 44
& 4 S, astaxanthin®] Z=Z 22 nitrate deficiency Z733}o) A 600 mg/LQ]
IFE FHo| 7FedE FAAT =3 1529 AEE FXSEAM 1
X 9] astaxanthing Z33}7] sl = -3 nitrate?] feedingA]d = induction
timeg ZAA3t= Zo] YAFS & 4 AU ¥hdo] =9 nitrate-phosphate,
total medium-S feedingdl F+ AITFL brothd)d] FUAHEESo] AHHZH
Zola HE3A Alg 2HPOE A3l astaxanthin 2o £x] ¢e AT
o] A& FAHA.
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Figure 10. Experimental results for astaxanthin induction by changing nutrient
feeding (a) cell concentration (celVmL), (b) average cell size (um/cell), (c) nitrate
concentration (mg/L), (d) a-staxanthin concentration (mg/L).

Symbols: fresh medium(lll), nitrate feeding(A), nitrate -phosphate feeding(O), total

medium feeding(["]), nitrate deficiency(A).
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32. Y FA}go] w@E astaxanthin =7 A7

[RAMAYE AHE3t AAHE F9 astaxanthin =& F X229 high
light intensity$} nitrate deficiency 2712 &-83}<] bubble column A EulL7]
(400 mL working vol)oll A A A& <l astaxanthin &3 % AF L P40}
Q@HJQP—EE 6.5x10° cell'/mLQ] I1¥5% HXE fresh mediumo] HZE3A 6
7A@ FE ZZAYA astaxanthin 2HAF L 5Py, FEE FBS9
N9 A zHse PYPoF 25~900 uE/(m’ -s) £F71x] WA AT
ol nitrate FX=E Figure 11(c)o| A UERH ule} Zo] 2dF o] A2 0 mg/Le
TELE 4A% 1ZE JHE {FAHAY.

Ay AFE BEAH8 EE 900 uE/(m’ - s)&] ZACF astaxanthin® & &
F5E% 0] astaxanthin¥ T 700 mg/L2 7} ¥k, o] AL 25 uE(m? - 5)d]
vl 7o =2 FHH o] FA4bE ATh(Figure 11(d)). ©]F $3t4 astaxanthin A
A4S M= nitrate7} A2HE Aol Fxd WolUxE T d

N
sk
Hir
tlo
N
hu
o|N
N

X
ol
o
rir
R}
=
)
[
e
X

Aee T 4 Ak

3.3. Light QualityS ©] 83} Astaxanthin =3 §%

AEY astaxanthin® Yo xe) FLMae] dFolng ZE g3
4e ZARIE ARG EF g3e 48 A&FHoez FIFPE Ao
astaxanthin®] ZZ@oA AHRAHY 7t540] Stk B AFoMe 44 g3e
cellophane filterS A}-8-3te] UA3 o]l Wg M Fo) A= Wygoz
B3] Wsle] WE astaxanthing] 2HYEE NP3 Fc}h olu Figure 120] Ut
Bt ukel Zo] red, yellow, green, blue®] cellophane filterE A}g3ta] WL
cuttingshe WY 2 dA Jgo HFoz FAY LiuRES TFIYL
o] 4%-2 bubble column FAYE¥HS7](400 mL working vol)o| A SaatQ 1,
Ztztol EWUBEE 150 pB/(m’ - ) RFE Y oH, 50x10° celymLe] 31EE A)
X E fresh mediumo] F3H

Figure 13(c)ol] Ueld wigFZde} o] % astaxanthin £H YL TE

3] We FAste A red, blue? cellophane filterE A}-&3}= Zo] vl
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Figure 11. Experimental results for astaxanthin induction by changing irradiating
light intensity: (a) cell concentration (cell/mL), (b) average cell size (um/cell), (c)
nitrate concentration (mg/L), (d) astaxanthin concentration (mg/L).

Symbols: 25 WE/m® - s) (@), 55 WE/A(m’-s) (H), 155 UE/(m’-s) (&), 360 n
E/(m® - 5) (O), 550 uE/(m’ - s) (), 900 pE/(m’ - s) (A).
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Figure 12. Light transmittance of various cellophane filters.
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Figure 13. Cultivation results for astaxanthin induction by high light passing
through the cellophane filter: (a) cell concentration (cell/mL), (b) average cell size
(um/cell), (c) nitrate concentration (mg/L), (d) astaxanthin concentration (mg/L).

Symbols: red(@), green(l), blue(A) and yellow(O) cellophane filters, and

white-light(control, [_]).
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3 FFEE RYPou, yellow, green® cellophane filter®2 T 4%t A4 E e

Wtk BhE Figure 13(d)o] YERA ul9} 2o] red filter® AL cuttingdt
E AYE F M AXEY astaxanthin 2HFol 3L ¢ £ AUk

olzjgt ZHZMN red cellophane filter® 53} EF oL M¥yozg FF
k¥ o] astaxanthing EHZ o2 F53 & 4 Y& FAsgo.

3.4. T3 FY L o] L3 astaxanthin =3 §F %

2 AdFoA AlR3te FAENS MY WA FFL AFTET
S 718o2 o]gsty glon, oY AFEHY JduA LRFE Fustste
Wyoez FAY AAA F 7I9E 4+ ok dwub 3335 (fluorescence
lamp)©l] Hl3l, 2P (flashing light)e] %7}
Hollx FFo] glom 2 bubble column FAYE¥HS7](400 mL working vol)E
o]-§-3te] astaxanthin®] ZZ o AAHOZ HEF F s WAL BT}
Hokot.

o] A¥L 50x10° cellmLe] %% MIEE fresh mediumo] HE3}o]

—_—

g
37FA A¥EF - d&53HQ W FF(continuous light, CL), 9&H-HE3 FF
(continuous light + flashing light, CLFL) 3} 3} & J(flashing light, FL)S. 2
T8 FPaAtt. AIT 244 FEFEE 1S5 pE(m’ - 5)E RFEIL
o HEPe Wy EAUZEE 10 pE(m’ - 5), £7H 0 ZE 3900 pE/(m’ - s)ol]
g3le 1BEE FF8Y F 5 UH (Figure 14).

Figure 1594 CL¥} CLFLS # %3 Wi nitrated] 12 AXe] A
Z3} astaxanthin =7 o] G Hgktd. 14 widled FLL HWAAT7F 10 p
E/(m’-s) A=gel =R 7] gl < 7947 4FE ALl
nitrate®] Zo] o]FoJZ AHEE T2 astaxanthing FF317] A|Zgch
Figure 15(d)ollA] }E.%©°] astaxanthingx+ CLFL o] CLXEt} 12~14 v ¢ =
= oA FL Fx XAFAAM EE AEHoE FFHFE ARG H
B3¢ HelFt Aol aswanhinHo] ENHYL Yehhe Azeld. 3
T HFER O AAEe cUHLREe 135 UE F F UAT T A

Zto] wi-¢ Folr HlAIHC|AH.
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Table 4= 49 FZFA}F astaxanthin®] FEE VeEpd ACe g FLo| ©

E "zl vl 88 A= =& ¢ & Utk o] A= flashing effects F
= Aol A&o] Ere AL ¥EiFv AolANL WG EAqM HoAaFE RAA
i

e
=
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Figure 14. Variation of voltage output induced from flashing light. The voltage

was measured by osilloscope.

Table 4. Effects of continuous

concentration per photon.

light

and flashing light on astaxanthin

Astaxanthin concentration per photon

mgf’L
,uE‘.u‘(m -5) >

Flashing Light (FL)

Continuous Light (CL) 32

Continuous Light + Flashing Light 31
(CLFL)

24.1

(a)

(b
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Figure 15. Changes of (a) cell concentration (cell/mL), (b) average cell size (um

/cell), (c) nitrate concentration (mg/L) and (d) astaxanthin concentration (mg/L).

during the cultivation of H. pluvialis under flashing light and continuous light.

Symbols: (-@p-)continuous light; (-O-) continuous light + flashing light; (-A-)

flashing light.
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A 2 A Astaxanthin A AEZFT A HF3 AF

1. Lab scale %/‘3 ukg-719 HA A9 ¥

L1 10 L FAEWNS 7oA HA XAF ) did 49

2 dyde AdEY A7S F&d 04 L, 2 L, 10 L 279

3 £ AA 2 AZsdc FHAEelE W
23 10 L %9 BAEWNLINE o|8sle] H plvialise B wjFatr] 9
dtof, ZA4Y 2 astaxanthin®] 2Ho] 71 F28 FAANY YITF WY
£ Ayl 98 A7E AWSAT. A WA dPBeE A £29 EH
B = 40, 90, and 140 UE/m’ - )l hate] TR masts AFe

=2

o

AN
‘

rr

S 3P el ol wYES MBBM HIX|, €% 25C, pH 7+0.5, gas flow rate
0.2 L/min, CO; 5%2 AAsHoH, ol Adx<e 04 L, 2 L bubble-column
BAENET] AT YT wigFz Ao A

~ Figure 16% W FZ2745 Yehd Ro2, FUFEE 90 uE(m’ - )02
fFAT A9 FALG) GE F A = 40, 140 pE/(m’ - 5))9} W @3}
°f 2004 FHE AFE AL & AN (Figure 16(a)). £33 F A3 ZF(dry
cell weight)HollAE 2.6 g/Le] H1 FAFHFS I F Udew, ol g&
Bl HlE] oF 40%9 F7HE HAFJh o|F F3dd 40 pE/(m’ - s), 90 p
E/(m’ - s), 140 PE/(m’-s) Fo|A 27|BFFE 90 YE(m’ - )2 FIFsd F
Zol TAGF Foe AL ¥ F71 AU Figure 16(c)). Astaxanthin %=
TA/47A induciton R3S FFated T2 &gy WE e F&
F A3 L1, astaxanthin®] ZZ L 140 pE/(m’ - )2 RAFSE AL} tha =
< astaxanthin®] &S B H(Figure 16(d)).

FAEE7} 1x10° cel/mL o] £93517] Aol ERFFLEE 40 p

Ef(m’ - )02 AAA zAstel & WY o FAYLSES) e F FE=
ZAst vl Ao viE Eoe A & F7 UYL, 1x10° celymL o] 4
o FAFZ UAME 90 UB/(m’ - )02 ZALSI] F e FANAEE

O

—
L.

i
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HuE A2 F F7b AT olE ABEY HE 40 pBm’ - )22 EAL
Aol FEAY LAUAZ FAFE F7HGO] gt goiHozs M
WU $2H FAYFEES} Dol Zole} AR 2eln w

rr

FE 140 pE(m’ - 5) FELZ WAUAE FFse Beole OE F FE=
zAbetel wge Ao vis) FALFEES Rgkon] FFAEAIN} g

T @39 Mz Hisl F7tE Ae FAS A (Figure 16(0) ol wjFx7]
o FEF Yellixe] FFOZ AT swessz FAGFo] A LSS I+
gor, o] ARy FAE ALFe] ATF PAUAE FAAA FE ol
godtte Re & F7h ANk gy B ATeMe 9zae FANR
T+ astaxanthin =30 Y32 F A3} lumostat W FHHH S £J&
AR WPPE S e Astel A7E AYhA

12. 10 L FAEur-Z 7|0l A lumostate v %7189 =

< Y vELS AREVA #A=Ed WIFeE sy
photoinhibitionE WAY, FA7} ¥ 58 AAso] wel FA B I
83 WoYRE FE3) FFLA Z3= light limitations RolA =o] T
o) ARe AFEA ot olek e AL tEFY wEIA Az
Yehbte d4ez, B dPdae AT Yddx 3IFFe A3 30
E #Ashe lumostat MiFL P S =Yst th&F FAEREI|Y a4
A WY& AEstazt s

TANLEED S Aste Adzo] HA, AlAd AF3F lab scaled]
FAESHE7I(10 L working vol)& F71 AFsR 1, JEFde SAHE &
Z8t7] A3 lamp frameE A|Zete] FAo) X} AYE zHIT BA
W72 FEEHE WouR FF3F2 3L s FHERSIIEREHY
Al we EHPES WIE A aArt AFo] g 2gde W
YR FFHFE Figure 179 Jepd Waloz AAso).

Lumostate 8] -2 93+ ZAW<=(control parameter)E TA% T3¢
=

I

(specific light uptake rate, g.)& A A3}, ¥k 71 MED oz =
A FANAG. TAT FEBFE TeH 2ol AV
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Figure 16. Time course profiles when constant light energy is supplied : (a) cell
concentration (cell/mL) (b) cell size (um/cell) (c) dry cell weight (g/L) (d)
astaxanthin concentration (mg/L).

Symbols: surface light intensity is 40 PE/(m’ - s) (A), 90 UE/(m’ - s) (), 140 1
E/(m’ - s) (H)
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Figure 17. Change of light intensity by changing (a) the number and (b) the

position of fluorescent lamps.

Symbols: two (), four (@), six (A) and eight (@).

q — (Ein ——Eout)A
¢ V.C

o] AL FAERZV|Y WA R] FEFoA FHHY Aolg FA7F =
EFdlgtta sl 1 $g MEXgoz AAg gog o] uw EL I
FEWE(m’ - 5)), 4= BEHAMY), ve wFRIl), Ce T % E(cel/mL)E

53

=
=
i

ol WA= FAAHFES S5 #HZslE MBBM ¥iAE AMSE i, ©
g IHAZxAL 2% 25T, pH 7+0.5, gas flow rate 0.2 L/min, CO; 5%E {X
&t
Figure 182 v Z2E Uehd 2O 2, lumostat $H& 93l FAZ
BZF (g 3x10° pE/(cell - 5)9} 6x10° pE/cell - 5) $Fo7 AHdlw, 21
AEG Age = 2x107 pEf(cell - )2 AA3IGT Yol 2dL wgzrle] 3
EE 40 pE/(m’-5), 90 PE/(m’-s)elld Al SHam FAFETF F74EH)
| 535S 3x10° pE/(cell - s)9} 6x10° pE/(cell - 5) F08 T
e WEE A FAAAF =3 H(Figure 18(d)). ol Figure
169 U ABETE S Z/BURE 90 YE(m’ - )2 FIaA £ o]

7 £ AFAE HY7] WE, o]l ERTeE HAHste] lumostat vj%Z

o
RN
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:i
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i
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9} vlmE T}

YA E B B FAD Yol T
o] FEOZ lumostat ¥Wj¥ste Wyol FANFEE, AEF FAFE, 2
astaxanthin 8% WM P48 AFHE 4L 5+ YUYk =3 6x10° pEAcel

1) $E02 WRAS §A8 APole Bz vad ke 4E FA%

S 3x10° pE/(cell - s)

il
off

EE HYAY @A7bd astaxanthing 1
At ol 2o wGFARE 53t FAT FFFFL Ix10° pE/(cell - 5)<]
TELE lumostat BYSlE W] TAANAEE, HE FAs:E, o
astaxanthin S22 % HolA &8 AE 4& F AU =3 6x10° pE/(cel
l-s) FE22 YZ2AE A e dxgd vy g HE FAx
& EAAT, At astaxanthing LEEZ FFHAZL 5 e AFH] ¢
At

ol 22 wl¥ARE Tt dubHel vy vl B Ao
A 2 E lumostat Wi o] BEA vl EL v AFHAHYL FAd 5
7b AARTh 2y 6x10° pE/(cell - s) 59 wjge ZAWso HAHs I} o
FojA A ¢& BAZ late linear growth phased]] # T3 o] T Fo 2 9lg)
A G AalE et WM FrdEolE lumostat &HE A A
Hog HI® F UAEF 0L 59 2
o] &g 2AWTY HARE HHHRE Fotd DALY wIES Auels
o FHE Aol

Figure 19% Jumostat +3-& o] &3 2z} A¥oz FAYG F+FF2
1.5x10°° pE/(cell - s), 3x10™® pE/(cell - s)9} 4.5x10° pE/(cell - s) 202 A3},
1 2HEE Age = 1x10° pE/cell - 5)Z A AT Yo 2AL wjdz)e
FEE 40 uB/(m’ - 5), 90 BE(m’ - )9l A AFE FEW A ¥ g u)
B A7A] &9 AT F5EEFS AN FANAFAG. o
ETO2e 27IRARFED) 90 WE/(m’ - )2 FFE] F Aoz A3l o]

£ lumostat A A7} e} v @l

Figure 199 Yehd wiFAFoNX & & QX0
4.5x10° pE/(cell - s) $Z 02 X80 JAE
o "lsf $& WMYAAE L& F AT F HEAY A 149 £49

o2
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N
o

3x10"° pE/(cell - s)
Ak Bo] =4y

rE
ole
N
i
Ho =
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ik As HYFAsETE 24x10° cel/mL, astaxanthin®] F=¥& 24 mg/Lo]Th
g 1.5x10° pEfcell - 5)8 502 AFSHA FAANAA YT A=
HEAEZE 1.1x10° cel/mL, astaxanthin®] %= 8 mgL |t} o|AL o
ZA vaM w2 AR 2H=, AX7F At 8% WAUAE F
BalA 23 23 Aolgt BdHt). whH ] 3x10° pEfcell - )8 $£Fo2
dAsA  FAAAAN WG Zoyes HAYFAEEE 3.9x10°  celimL,
astaxanthingli FE+E 37 mg/l olRed, ol tlxFd Hl&] <k 1.58 FU1d
Aolty. 22T 4.5x10° pE/cell - 5)9] FFo2 AHSA FRAANAAM WY
A= HYFAEEE 52x10° cell/mL, astaxanthin®d HEE 55 mg/l ©]YL
o, fZ2To Hls) 2P =S HLAE FVIEHRE HAFAT ole} e 4F
ADRE Tt H plwialis®] 11 = Y-S AN E AT FF3FE =4
W42 F83 lumostat WOl ARHYS & 7 AU
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Figure 18. Time course profiles of lumostatic operation: (a) cell concentration
(cel/mL), (b) astaxanthin concentration (mg/L), (c) variation of light intensity (u
E/(n’ - s)) and (d) variation of light intensity per cell (UE/(m” - s)).

Symbols: I, = 90 pE/(m’ - s)(control, M), g. = 6x10° pE/(cell - 5) (&), ge =
3x10™ pE/(cell - s) (%)
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2.2 9 WL A AT 2 FA3 Ay AR

2.1. 2 @A 9jFE g induction pointol] i3t A H

[

Astaxanthin®] AF-8AAkoll Qo)A H. pluvialis T RAAZZAH
astaxanthing EHZ 0] BASA 27 W, 2 2AL R A%
o 2 stage M o] Aot & AEFHE F WAZ FEIA A F
HANE FF) TEE SANYE B0z WYzd 2 £AEAS A3}
3ta, ol FHA FAHNME o|AUAFEHQl astaxanthin®] TEE <
FE57] fole] 57} UABAS $ENY 4 Y= WFzAoR 2HH
ot oleh 22 29 AEITAS ARFHoE Y3 AsiMe AHA
ol FHA FHo2 ndste A7E A2FE vl Yok

AR HJEAE Tt H pluvialis @5 WAl linear
growth phasedl| A] stationary phaseol] Eo]7pHA Axel Bg

oH

A7) 7} ZF7VSAA] astaxanthing] &2 o] AZEE AL & 4= 9
2 dFdM s dA5 "HellA AJFo] ¥E stationary phasecd] A A|ZttE R 2}
o] & F0] astaxnathin®] & AT S Ao 24, ©@7|7Hol] astaxantih
A4 4= Q1= induction pointE ZAAE 7] Y3 AYL WYY} 4
F3 0.4 L bubble-column FAEWH-S-7]ol| A 83} aL, stationary phase®] =%
HE7] 9] ML E harvestd}d fresh medium® 2 w3t & HE3gct a8y &
F ¥ 29, 6%, 1090] HE AN nBFE Y60 UE(m® - 5))& FAFS}
HFH O 2 astaxanthin®] =3-& FE3 9t ojw & I3 AZAL MBBM
vl Z], &% 25T, pH 7+0.5, gas flow rate 0.2 L/min, CO, 5%& -8 Xx|3}Qt}.
Figure 202 1 ZA#E Yeld AL 2, fresh weighte] 7% induction?]
FFeZ x| HE| ot F7HEH v (Figure 20(a)), induction ¥ Hj ]2
A9t vd AHRE BAFAo) Astaxanthin®] 55E AR 74 S &

9L nJ[o
Ay
2

fr

o A|zke] Z}elE& Fo] inducitong ARGl BF3I HI astaxanthin F%
9} astaxanthin F2 & x| HoJA xto]& Kolx] ¢Ftth(Figure 20(b)). °]& &
st 3% JAYHE 2 stage WFF A kel glo] #AGF WM FH=7)
of E°1xt AFE induction pointZ AMEEE Zo] AFHoIW, HAA FHY
FATE GEAZ F JE AeZE 7igEn.
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Figure 19. Variation of cell growth patterns with lumostatic operation: (a) cell
concentration (cell/mL) (b) astaxanthin concentration (mg/L) (c) variation of light
intensity (UE/(m’ - s)) (d) variation of light intensity per cell (UE/(cell - s)).
Symbols: I, = 90 PE/(m’ - s)(control, I)control (W), 4.5x10° pE/(cell - s) (),
3x10™® pE/(cell - s) (O), 1.5x10® uE/(cell - s) (A).
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0 5 10_ 15
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Figure 20. Effect of different induction point in stationary phase: (a) fresh weight
(g/L) (b) astaxanthin concentration (mg/L).

Symbols: control (x), 2 day (), 6 day (A), 10 day (O).

22. @A77 astaxanthin F3 o] FA| 7hs@ AFFTH A

£ AL 7189 AEstE ETHZANY A S FeiiA &
7l ¥EiM e, A9t astaxanthin AHAFFH o] FPo] Aotk FH 9 &S
H. pluvialis 757} 8] A & & & A& (nongrowth-associated product)2 4] astaxanthin
< A7) dEo] TALEE Exs AAE =S WIRE FEE 2@
A MF7IsS At ok ol A TAY Gl HAHQJA AR
AAE o Af3Q dAxAC] ME t27] gid, 184 sgReAM e
H & FAF=zAoptimal growth condition)S A 3t1, 28A AAE FEX
o] A+ astaxanthin®] Z=Z o] G#F<Q 7 ZXZA(stress condition) 0.2 ZA3}E
Hi e FHshAl "ok a2du 71€9 294 ¥idrlee Ty widx
2tz AA|#of =2 A di(land costy} MM & HBZF FIlEIH, &
1Y 2HFE 2790 BEF A FHo] AN FAH BT 2UE 2
TEA Hol 1x2 ¥4 et =F5YE 279 do

et B dfoMe FAAZT astaxanthin®] AL SA|o 7T
T de AEL FH o BAENSTY AR MG HEL 53Ed
TAZ Agsta A3 de] Mo EAd Al gl
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3. Pilot scale®] AE3FH ALL T HA 2A7H A

3.1. Open systemo] o] WA 2 Qo] UG JF A}

494 heF MFe AN DLRYG FH(autoclaving)E T
BEAHEE dAY £ Y 716e ALSE Aol FHY AA4 Tl W5
Holth WYL VYHAY $EES o8 H phoialis W2 7S B8}
of, ¥ ATNMNE open systeme] I, YA newY WF 2 AA
7} AgEAe AE 9% 2L WA FHANN nengt FFEFHL A

mlm

o]-&
A3, Mg 2Rz WXz FHFE o] &s5t9 ThE MBBMH| A 9}
xE<S °|839 WE MBBMHIAE TS0l MEE wjgstgon FAEuS
719 A9 wiA o] 2F AR wa} MEe] AL vmslgey. AATH
B FHE FASEAM I AL WEFOF AHEEED, UM AE open
system© 2 wiE AT o] w) g FARAL &% 25T, pH 7+0.5, gas
flow rate 0.2 L/min, CO, %% X stFth
Figure 23(a)¢] Z}el] epd ule} Zo] hzF-L 3.81x10° cell/mLol)
A AAZ] el EO1ZXT open systemo 2 WiFE Ao TA AFAME
2.16x10° celimLoll A B=]7] Aelo] Sojztch ol& tzxze] HZFAEE
o 57%] FE dBste golth ME Z7)1E Hlwsd dlzZo| HlE open
systemo| M| B FE X7} A H oz & Ao2 ZAFAON, ol WY
o dgoz Qs X =yt T vE) o W= =719 A
@@ th(Figure 23(b)). M| ¥ G astaxanthin concentration %F¢] BHIAE= o
Tol wls] Ha 50%0]d F7tE AL & & lon, o] An: wFse
gotets s Foh(Figure 23(c)). =3 M EF chlorophyll concentration2]
FHA Bd Axe =)o) whe} chlorophylld] o] vlE|dts AL & 27}
A TH(Figure 23(d)). £ ATFE open systemo A e v} 75 S AES 2o
R, 27] Axele oeh-&(70% EtOH), lysol, & hypochloride 5¢] 3}32-&
ol 8% AAL T, NEFY WUl T L PTFLS T H(sterilization) =

ol
i

LAEYHoZE wiYdE S 04 L bubble-column 34 E1HS 7

4

o

lo
[y I

o
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T Ad(disinfection) & & 71&N o] FHE o FPolr}.

3.2. Open systemo| X FAyA 9] a3 D AXo JAA 999 93 ZA}

Open systemo| X H. pluvialis Wl FZA3} @ Fhe) Aoz MEo XA
°] AA(inhibition)F = VAL FAT & ATk £ AT ME open system
A meng @Fe oA wHel shbz P4 A(antibiotics)o] WA Qg A
E 4% 9% 2L wHols) 2e 23U BEHA AAS 9B 1SS
Ntz g

dYH o2 vk 04 L bubble-column FAYEWI 7S o] &3}
A3, WF 2HoZe HINRAYA FFHFE ol&std ghE MBBMH| A9}
Cephalosporin , Griseofulvin ,Amphotericin B , Ampicillin® 47}%] 34 A= 2t
Zt A7hgk MBBMHIAE ©Eo] FAE WIS, FAZWSs] L ujx| <
BEREL Ak olf W2FABLEZE 1eIY FFAYL AN
Hed A 2THEES AXNA @1 wF" 22RE AMLFPT UnRE
open system ©. 2 WYEHAT oy G FAZXAL 2% 25C, pH 7£0.5, gas
flow rate 0.2 L/min, CO; 5%2 {X3}gt}.

HdIEHAZLE 2T AE 323x10°cell/mL oA |2 T BE 2.49x10°
cellmL Hx|7] “Jefjoll Soizkst, Azte] FAYAE H71 open systemO 2
Fd 4389 A AZo)ME (1)Control B + Cephalosporin®] A< : 2.79x10°
cell/mL, (2)Control B + Griseofulvin® 7-$ : 2.80x10° celVmL, (3)Control B +
Amphotericin B2] Z-$ : 2.67x10° cel/mL, (4)Control B + Ampicilling] 73-$ :
2.80x10° cel/mL% 47} 2% 2.80x10° celymL oA F=7] Aelo] Sojrle A
HE HAoh FYAE 2o Mlgd A9 menyde dFHYL AN WP
T AHET A o vdtd JoHez 86.72%9 AAFL Rgon | WA @
i open system3F & AX wjd3 2T B Blmstd 112.23%9 AL 1w
Rt = Griseofulving H7F A7 AS 713 =2 A% ARE BRPA 7
Grseofulvin2 & Aejelld 2 %A v AR g, e 9 M=
HIFT 3% 54 &2 FYAZ A5t F 2019 cell numberE R QA9
I cell size7} F]EA Ho] H|S3F fresh weightS YeER )

Hd
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webx meat e AANA ¥ FBAE H7bsted open
system?] WMo 2 wjkdte WP AX YAHEAME FAYAE ¥E B4
WA @2 B¢ ZFd B @ zelE yeAle &t 22y Figure 24
of Yebd e} Zo] Qo] Aolg FAF A FAAZ sl el ors}
2e 2gaEC] A Sol=e Ae AU F UJT

(a) (b)
5.0E+05 50
£ ! =
5 0E05 | 3w
§ 3.0Ew05 | 240
8 : N o35
= w
& 2.0E+05 [ =
£ : 8w |
5 1OEW05 ¢ 25
(&}
0.0E+00 20
0 5 10 15 0 5 10 15
Time (day) Time (day)
() (d)
F 160 — 800
g 140 g 700 |
5 100 8 500 |
g 80 g 400 |
8 60 = 300
£ 408 g 200 |
2 20 5 100 k
< 0 0
0 5 10 15 0 5 10 15
Time (day) Time (day)

Figure 23. Time course profiles of open cultivation system: (a) cell concentration
(cel/mL), (b) cell size (um/cell), (c) astaxanthin per cell (ng/cell), (d) chlorophyll
per cell (ng/cell).

Symbols: control (), open system cultivation using autoclaved distilled water
(A), open system cultivation using non-autoclaved distilled water (A), open
system cultivation using autoclaved service water (4p), and open system cultivation

using non-autoclaved service water ().
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Figure 24. Time course profiles of open cultivation system : (a) cell concentration
(celmL), (b) cell size (um/cell), (c) chlorophyll concentration (mg/L), (d)
astaxanthin concentration (mg/L).

Symbols: control A - closed system after sterilization (Jll), control B - open
system  without sterilization ([C]), open system in addition of Cephalosporin
without sterilization (A), open system in addition of Griseofulvin without
sterilization (A), open system in addition of Amphotericin B without sterilization

(@), open system in addition of Ampicillin without sterilization ()
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4. FRAENS719 AAJe AE

ko
z

LEEY LY FHENSVE A AFYE A dFHE F
engineering problem 59} &uirt FAEWNEY] WEIE YAUAE AFA TF
& Rol7t ke Holoh & FAEWE I AX=He FdY AFrt FYED
g719 Az &3 AN Lo vxe ggFo] AFIez, 2 e FYe o
L ARl X A7 B FEHA HAVIMY Ade] HFHor) w
BA FEldES dfoMe FAENEYY YxAE FFHT F e LE
¥ 2 d(light distribution model)& GE3 1, o2 o233 FY Y9} A
o @& WHY A #3td 1A o]F Fsto EHAY 29A AT
o] A A pilot FE FAEWS AFe] P4 AAVIYE AN
izt st

B ATdA AetE YRIFAS FA HXE HIo|F(parallel

translation)?] 7Hd-& =8t FHESAT. § FAELS7IN p/hY WEZ

-—

9

[\

ol ("rip, Orie) ixel WA m, gAe) dRzHol ("rire, Orin) el
ANE A, 99 AHe, Ol FEG)E TAFZH0 WFAAA o
&3} 2o Yehd 4 gk

gm'X'(Ri/p _rO)}_'_Zq:ro'Io.expl: E X ( J/q rO):|

(K, +X)K,+r)| “5 R, (K, + X)K. +7)

J'q

_ 2 rO-IO' N
I"(X,r,e)—Z—R exp

i=l ilp

Iei/p =\/r2 +’;3p 1/p CO<0 )

!, —\/r +r ~rj,qco:{0—0j,q)
n=p+gq
oltf Rp®t R HPolTd Fd FTAHLERE Y9 AHY A
& 9uidtH, p, ¢, n2 247 WEFY, 53, FAFLY NFE YEd

<,
ot gl €., &m, Ki, K:\', K, K, o light attenuationS ™3} model

parameterE e} i)

g el FAle Ef(mixing)E Fotd F4 wZolx AU W&
o, FAZt FFE AEgHe WelvAe A=W HR YEXE ¥
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T3 HdH X (average light intensity, Ia)E A4tsle] Wx
7 ok & w9 Beo] AAE FAENETY HEFEE dATE XY
el tiste] oF3 Zo| FAFHeE FEE & Tk

I,.(X)= Ai ["[°r1,0x.r.0)dra6
P

4,=n{R; - p-r})
ol 4t FAEWEAY vEAL ouiavl, WRBLe e Foe
9RA Aol AFRt WEE BEFBEY FAALLS Mathematica®
(Version 4.2, Wolfram Research, Inc.)E ©]-83}4 model simulation3} ST}
Figure 25@E ZABE 05 glel Wekao] wrsls BABWE7
oF-gd Y] FFAS HXNG B Fx9 wIE F1d 2
(contour plot)E o]&sle TAIg Ao =Z, o FYe FABTE 621£20 1
E/(m’ - s)oldth. 2do FFAH S #A3sly] et Q&9 AXANE wnd
A3 10% Fxo] LAES QoA FAERSY] R Fxe dFo] 75
2 Bag
MiE WEEAS olf3te] 874 Fdo] X A & ¥
Aga &9 Aol bubble column FAETS 7|0 3l vlm EA3GT. =
87 FYPE 25T ¥ FH HXF 739(8 external radiators)e} 47]E 9

o 47l= WFo| HXA3t 7d9(4 external/4 internal radiators), 22} 3 87§19 FY

®

o] ¥hg7] uliel MX|§ 98 intenal radiators)ol ThE PEE ] HolS A
Aoz wme Rol 22 Figure 250), 25(c), 25(d)olth. oW FAFE 0.5
Lo tatel BE 75 pE(m’ - )0l ADEE TnHe] WaE Asnw, 8
o) Yrzwo] AAE WREAY BFAEWNLI|Y A9t FEHA BABY

g7 £E7} o] BTk AHHo2 WAYe] o]Fo] AT AL T & 3

o =3 ztzte] HFABES ANE A7 8719 WEBho] AXH AL B
TBE7} 1834 YE(m’ - )2 8709 9JRBYo] AXE Z$(56.1 pE/(m’ - 5))<]

3ufo]d WABAE TS HUT F UM
Aol BAZIEE S T3 A A= WEEXEDL pilot FF
o FAETET] AAA WHE BEHAN KT FLY AXG e 2
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A3}7] 938k engineering tool2 A EIZHQA F8o] 7t5T ACE JidgHEY. &
3 2}71d@xo&= Clark-type O; electrodeE ©|£-3F liquid-phase photosynthesis
system< ©]-&3t, Fxo Wl wE AP0, evolution rate)S A H 3}
A &3 AR g9 Wk EA(light response curve)E FH 31, °olE
Wiy dy dgste Boh AAHA BAENRZ] AAZHE AT 44
oot

(2) (b)

Figure 25. Light distribution profiles with different number and location of light
radiators: (a) single external radiator, (b) eight external radiators, (c) eight internal
radiators, and (d) four internal/four-external radiators. Contours (0.1, 1, 3, 7, 15,
30, 75, 150, 300, 600 uE/(m2 - s)) are obtained by model simulation at 0.5 g/L

cell concentration.
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Al 3 A Astaxanthin® A3E3}7|& 7)at

L wigd @A Axy s Y A

L1 Alxy v gyie] 2%

Lab scale BHBWSNM A&Hoz FFHE NI LEEs
EA)8He Haematococcus TA S ThFdt B L o] &3le] AXHL o8
I, Xy EdE &3 d7E FYPFAY ATE FYPT £l
water bath sonicator, ultrasonicator, homogenizer, 2] A7), T8 A XA,

attrition mill3} bead & A}-8-3}H T}

1.2. AZ % Haematococcus A 2] M XY 3}

ZAZ ¥ Haematococcus TA 2] AELHE gHsle AFe olds) e
6712 Wh{o g St HAAPERE B3 AL URTE AMEIgon,
Process I 2 MixerZ 10&3F A2 3 H T, Process 1€ AlE 5 g & 10
LE Y3 water bath sonicatior2 4A|ZF EH3A) A8 5 g& 2z} Az

4 F & 15 mLE 93 247 5 229 3] 3 AL Process Mt 3

3

o} X3 Process V& Al 5 goll & 10 mLE Y11, deep freezero] Yol &

W3 ohS, 80°C water batho] W& #Hg 23] yEE3 o0, Process V-

M

ANE S g& A APZE 4 & & 15 mLE ¥ 1 homogenizer2 3087t

At

A3t} Process VI A8 5 g2 o2 15 mLE Y3l homogenizerZ 30
2 2GS AXY B4 f3E 947 Bo1F image analyers] BBL
T Boog wusqct

1.3. Ax3% #A49 44 dv)3 a2

ot 2o)H 4712 AxYE g4 3 A1, homogenizerZ E-&
Y3 308 EH3 A$ (Process V)E M EHo] 5~10%AE g8 AL &
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T AL, ANEEE WD 308 BHT BT S0~60%FE A Eo] 35
ATHProcess VI). 35923 712S whE3 2O (Process V)= 15~20% 3}4)
3 AL & 7 UULer, E processe AF A EHo] A GPS S 2
T UATHProcess 1 ~MI). webA, AxE AX¥ S BHste 713 F2 4y
2 TAH AEEE Y3 homogenizerZ B3l AYLS & 4 U HFigure
26).

1.4. Slurry A 9] A Xy 53

Slurry g o] FA= otefot e 471X wWyo] s AE¥S 3ty
Ao A4, A2 FAY AxY g Y F AEEo] o] maw
Process IV} Process VIE ZHE&AIZAT o|w slurry AFe] FH S Process IV 4
Mo 283 HLE Process VIo|2} 3Fil, Process VIo] Z2A]71 AL Process
VIolg} 39, slurry FA1E SA7A%3 & Process Vo] HL£3 ZALE Process
Xz}3hc},

3, APAHoZ o8] HMe tdFge FAE ERHoZ Ty
8l Zo] WQ3l2 2 scale-upS 1Edte] mgE M ETM )9} attrition mill
2 AZES B4R 2GFAZRHNE B F ASE Process X 3
I, attrition mill2 F# 50 g} balle Y1 700~1000 rpmol] A 1417+ EoF T}
A3 74§+ Process X[o]2} 3t}

1.5. Slurry # A 2] 9j4x dv]4d &

AXH 3 FFE A4 B image analyere] BE S E
Moz At A2 FAY AEYe G4 o axHYY e
28211 Process VI, VI-& A& AXyo] m5= &gkt 22| A, slury 4
Hel gAE F20x3 dxH FAZ UE tE Process VE LA H o
U, o338 AEHS FHHRA ktch(Process [X). Edh, 1y A Xayr)=
BEHE 90% oldo] EHE AL, attrition mill2 23 73$(Process XI)E
50~60%7F EAHUSS & & A2 HFigure 27).

o
e
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vl & 20x120 Hl & 100 x120 Bl & 10x120 wj&: 100 x120

< R > < Process 1>

Hl&: 10 x120 vl & 100 x120 w8 20 x120 Hl-&: 100 x120

< Process II > < Process Il >

vl & 20 %120 ull&: 100 x120 Hl-&: 100 x120 Hl-&: 100 x120

< Process [V >

& @ 20x120 Hl & : 100x120 Hl-& : 20x120 ull-& : 100x120

< Process V > < Process VI >

m}ll_ll

Figure 26. Zt processol] W& 44zt @vl4d &
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vl & : 20x120 vl & : 100x120 vj & : 20x120 ul-& @ 100x120

< Process VI > < Process VI >

v]-& : 20x120 Hl & : 40x120 vl& @ 100x120

< Process IX > < Process X >

¥l : 20x120 wl& : 40x120

< Process X1 >

Figure 27. Z} processol] W& YA #r]7d #Z



WdE FAZEE NHAHOZ carotenoidS FE53 1Al &uje} WA
g Wgse HF FE2WEE AAAT ¢4, FE280e 284 Bund
Q) o ED AFELoT AT & e VL (FEFHS AEHHT,
RN ZEE FA e} §uiE P wwketE A FA < &7} slury FEiZd He
A Rz Bhsl g ch(Table 5).

EE APL2 4TAAN IPsP, BE 27| &FE SYE ¥

Z7% HXE T8 g FA(Process 1 ~VI) 7+ 250 mgd}l o}AlE, o
28 25 mLE HAAEetATd Yu A7) slurry ez @ w7z R wEksty

102~ 1413 makd A o

_

fr

TAE B2 F23 3%
A@glo] slurry Ael7F HAd (A *]8] Process I ~VI), ollEC 2 FE53E
B 3~6AI1to] 22 H A (Process 1 ~1V). 24, homogenizer &%
A% (Process V,VI)= F&4vd] Aago] wure 102P% murstd slumy
27t HAH.

w}2} A, homogenizer2 ¥4 (Process V,VI)3}il, o 2oL} o}lAE &
wfatol A 108 Ax @uksle Aol AFFL & 4 AUk

22. vl A #A 9 oil FF HH

A g gAY oil FFL FAE HAES Sl ¥ myksta, o
et A EE AAS}L 2YET b3 A4S IAFFF3e FAE F
o BAT 4 ok

Ax 23t dA|(Process I ~VI, X ~XDol o}AE =& J e 25 mLE
43 108 ~6A17F 5< wyt o2, pore sizeZ} 0.2 ym<Ql syringe prefilter2 <
Pl FAES AAFNEY. 4L 89S L5 S8, n-Hexane s 713 £
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A3 o FFTE 33 AMFHS} L, sodium sulfate anhydrous F 1 g& Y3 o
H}3te A7 FEE AA3NAL dojA YAHS rotory vacuum evaporator2 2|
2E5E5%3 FAE F3s9ed, &9 oil &2 Figure 289 7)1Z3}
A2 FA| Process I~Xe AlxHo] A dxA ggtona,
A9 FE AL FYA A
AR 23, AAY ¥ Av|BZuF 2H A¥Eyo] o] FHd
== @ F Uon, AR ofHELE F£2

X
¢ ez $2¢ ASET 52 2 ¢ & AN

fnﬁ

2.3 Oil Y] carotenoid ¥ F HA

Oil Wl carotenoid®] 332 UV-VIS spectrophotometer2 &34 %=

A5l 2¢ 5+ Aok
HAAel @A (Process [ ~VI, X ~XDERE L& oil& o}HE 25 mL
Aok o] F &4 1 mLE FH3tL olHE 9 mLE ¥of 10ul2 343}y
BEE SAT] A AEE EF0gT Ho §5 97 474 nmol A o}A)
O & blank test® 3dt31, A5 FFEE FAHIY 2F & 7 ANBY £F
o} @olx oile] % (mg)e ot ol thABtS carotenoid TS ALbat o

™, Figure 299 el At

]
e

fn oo 2

A1

Carotenoid(mg/g) = &35 x 25ml &7} x Dilution (108]) x 1000
250 Sample wt (mg)

d343, Axg W ZHRe]l oMELR FET By 2¥F
carotenoid F~&°] ¥ ¢4 UNey, 1YY A EHAH 7|9} attrition mill-E
AFESE - Sufol] Ad#glo] LYF carotenoid &0 Thon, IUH AXE
o712 AEHE EH35t3, oMHELE FE2F AL /M =& FE YER
T} (Figure 30).
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Table 5. 2] Wiz &ofo Wale] WE F2E A

A W F2 80 WHIA]ZE
S o} A E 3% 0]

oLA & 617k
Process |

o &Hg 1213+

oA E 5N}
Process i

ol ghg 1A 3¢

o}M & 3A)ZE
Process I

o gh-& 1A 3¢

obH & 3A12
Process IV

o gtg 10&

ohx & 108
Process V

A er-& 108

oA E 10%
Process Vi

Nerg 10%
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ZHd & Oil 8 (mg/g)

500
450
5 40
Esso
o 0 B
& 20 —
& 20 -
e -
% 100 i
50
; N aneam 1N i

Process Process Process Process Process Process Process Process
1 2 3 4 5 6 10 "

WAcetone DEthanol ]

Figure 28. vl & A W oile] &

Oil £ carotencid &2 (mg/g)

Oil & carotenoid & (ma/g)

Astax- Process Process Process Process Process Process Process Process
1700 1 2 3 4 5 [ 10 H

[lAceione DEhanm

Figure 29. 0}t A gl Wi F& Lollo] @& carotenoid ¥ £

- B8 -~



ZH = carotenoid &8 (mg/g)

12

ZH B carolenoid £8& (mg/g)

4
2 l’

Process Process Process Process Process Process Process Process
1 2 3 4 5 6 10 1

[lAcetone OEthanot

Figure 30. W= T % carotenoid 4~&(mg/g)

Standard calibration curve

14 r = §,218x - 0.4965
R% = 0.997

Area of peal
o«

1 ] L L i

0 0.5 1 1.5 2 2.5 3

Concentration {mg/L)

Figure 31. Astaxanthin standard®] & &34
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3. Carotenoid & 3 €] astaxanthin®] X&) 3l AR A

Haematococcus TAE X 83} carotenoid= monoesters of astaxanthin

o] 70%(astaxanthin®] 3¥ X]ol 2ito] sht AAE Je FH), di-, free

astaxanthino] Z+Zt 10%, 5%7} & oUch 1™ H), esterified astaxanthing

HPLC (High Performance Liquid Chromatography)Z A &3}4 EAs}l7] o] 7]

] Fo) astaxanthin® hydrolysis A7l & E A3 okgic). 713 de o|&5+=

hydrolysis ¥'*H2 enzyme& ©]-&3F A O Z M astaxanthin EAE AF3}A|7]A] &
I BA" 7 ATk

B AFox Axg FA (Process I ~VI, X~XD)9 F& L 5=
AL F3] Uo]F carotenoid9} enzymeS hydrolysis ¥H3& A]7) ©& HPLC
4L stdth

3.1. EnzymeS ©]| 83 Hydrolysis W3-

EE HAH2 A4 (10T olst FADAM FHeA, 7 & 4t
AE Adslax} skt Hydrolysisol] AF8-3F enzyme Sigmaol 4] 100 unit
vial & FY35ted 0.05 M Tris-HCI buffer pH 7.0 | mL 3 3.4 wit7} HEE
stock solutiong A| &3l wlg] B#d] FA}.

%Z %23 carotenoidE oM E 30 mLE 2o} A4t FA =
ZE 5 mLol| 0.05 M Tris-buffer 2 mLE %11, enzyme stock solution 500 &
YWy 37C water bathol| A 4587 W3S AT wWH8Ed| sodium sulfate
decahydrate 1 g3} petroleum ether 4 mLE Y3, Y4AE 7|2 3500 rpmol A
5-108-7F Y4EY Y. A5 HE T OT, anhydrous sodium sulfate2 E&
AAS ZF  rotory vacuum evaporator® AF F23PT. FH2AS

hexane/acetone = 82/18%]1 &9l %o HPLC ¥AS 93 Alg& &St
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3.2. A Z8E carotenoide] HPLC ¥4

3.2.1 Standard soution A X L HAIFA ZA

A FA L astaxanthin®} £vl] 2 standard solutiong A| %3 t}e, F2 &
g E43}9 standard?] HFE3I FEE A4Hsla, HPLC £4& 53] peakd
HHE dotdlo] = of WA Hlgd ©WE HAFHE ol &3te A4E
& 9o

100 mL volumetric flaskol] astaxanthin standard 5 mg3} chloroform 10

-~

mLE Y31 HA7lA hexanel 2 &t} o] 84L& stock solutiono|dt It}
Standard solution& stock solution 1 mL, 5 mL, 10 mL, 15 mL, 20 mL, 25 mL
£ 3l 100 mL volumetric flaskol] ¥ 31 chloroform 4 mLE YL & ZAM71R
hexane& | ¢4 A|Z3tc}.

2 AFo] columnd ¥AE°2 Luna 3 gm analytical silica column
(Phenomenex part # O00F-4162-E0)S A}&3tgtt. HPLC o]&5A 2AL
HX/Acetone = 80/20 o]B §£L& 1.2 mL/min, FYZFE 10 vLolx, A&IAL
U.V. 474 nm, QELE 40T ZAstelA £4314 0

Astaxanthin standard o ®AWEZ HIFAHE A A y
6.218-0.4965 (R = 0.997)& A4 9 Ah(Figure 31).

3.2.2. HPLC ¥4 & 53 astaxanthin® A ZF

A A dojd dA WAoo ZRE  FAZEEH
astaxanthin A % A& table 69 el A}

4. Astaxanthin®] <t A A

4.1. Astaxanthin §-9 A%

Silk 843} Eoj| A astaxanthin oil & 33t ¢FA Ad(carotenoid FHeFw
e TSR AAT $4L 254 B2 ALAYT, fAE BA
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=g A g, A7MAZE sodium alginate?} HE ThHFA S AHE-S K TE Entry 1
& Sik &40 AUFHALDE 4 FtA, astaxanthing 71 ©F
homogenizer2 10-30%7} #3131t} Entry 29} 32 entry 13 Z& #¥o=
e 33l 92 A28t sodium alginate = xanthan gumg H7}sta &
gt S entry 45 13 2 WYPoZ AxEHHOH, sik & B &
Are3te] A zstgth. Entry 59 68 FACE ES ALY, F3= entry
17} 2o oz Fisted FH9S A|F3}, sodium alginate S+ xanthan

gume H1ela fafste] A FEH oM, ol Table 79 8.9kt

l

2

42. A AT

Az AR petri disho] 283 2 Wk clean bench UVE A}
33, U X 40°C incubatoro] X #3HA] carotenoid 3 HIE =AY
t}. o]w} astaxanthin 0ilE HE2TF L E AE-3H .

Carotenoid & #F& T3 & Wz FHsHth UV A Alget
40°C incubatordl] EE Alg ¢k 200 mg FAE =A3}A centrifuge celld] ¥
i1, ofAlE 10 mLE 7}sf H3]:, o] A8 E 3500 pmel A 102 T AHE
3 S 474 nmoA FHFE=E FA A FlREx0|E FEE TR UV
ZAMSE 799} 40°C incubatorol]l B3 % carotenoid T W3} (astaxanthin
ZAAE&E %2 JePR)E Figure 329} Figure 339 JER AT

UVE ZAEE 7% R F L astaxanthin ZHA]-&0] 20% A= R, &
3 £Yqe AAEo] 60% Ht}. 40T BH3AS HAL: dE2TLL 25% AL
oY oy, Aoz AALAS ALEF 7-¢ astaxanthin FA &L 65% T}
Wl A, 4387 astaxanthin oil 2 THE Y- astaxanthin oil BT AHFFES
g & AU
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Table 6. v ¥ A 2 E astaxanthin®] A 21

@i{ \j/] = = HPLC -E_ﬁ ~ = : 2~ O
apy FZ & (ngle) T A F carotenoid & (mg/g)
o} E 3.13 32
Process |
e 0.31 0.34
ol M| E 0.33 0.31
Process ||
N&EE 0.12 0.15
ol M| & 0.52 0.55
Process il
o gt& 0.55 0.53
ol E 0.37 0.34
Process IV
o - 0.66 0.69
I E 4.11 4.2
Process V
o gH-& 1.05 1.2
ol E 5.73 5.8
Process VI
ol Eb-& 1.40 1.5
oA E 11.06 11.39
Process X
: e 5.01 5.15
o}l M E 6.22 6.46
Process Xl
N 8.33 8.52
Table 7. Astaxanthin -9 A|Z ¥y
Entry T (2) 734 (g) Astaxanthin(g)l  H7}Al (g)
1 Silk &< (54) | AU F=AE (0.6) 6 -
2 | Sik &9 (54) | EXYFHAAEH (0.6) 6 Na Alginate (1)
3 | Silkk &4 (54) | 2AUFEAIE (0.6) 6 A g2A (1)
4 = (54) g2 d T A" (0.6) 6 -
5 = (59 A FHAI- (0.6) 6 Na Alginate (1)
6 B (54) 25 A E (0.6) 6 A w24 ()
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(1) UV Bgoxe &5F B
Astaxanthin ¢t& 4 test (UV XA

120

100
R e, —— U2z
0 g e - Al 21
2 = 1l aze
e 60 G| e Al 23
; \ —¥— Al24
40 —e— M85
5 ~4— Al 26
< 2

0 1 1 1

02 1= 2% 3= VES
Ji2t (F)

Figure 32. UV ZA} & 7% astaxanthin ZHA]-&(%)

(2) 40°C incubator R o|A 2] gzF B

110
100
90
80
70
60
50
40
30
20

Astaxanthin ZTH2 (%)

Astaxanthin 2t& & Test (40°C)

\ uxﬁ%\\
\ N.WE‘«*,\'{:\ S
\
\ ‘
\ \'
o 1l$ 2= 3; -

—— 22
—a—- Al21
- - AR2
—¥ A 23
—%— Al24
—o— Al25
—t N 26

Jig (F)

Figure 33. 40TCollA E#3 7-¢ astaxanthin ZHAl-&(%)
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5. Ak A&F A

B Ao AEE 71&eL /HEEr]) Y8ty astaxanthino] F-HE 7)F
A BAEQ essencedt eye cream P BIFE AFIACY. Ul sAEL
essence$} eye creamS HE 3AE OEM At Ao 9 zlsted A&
Zstgom, Hre @AM A zs A o (Figure 34)

ofd
o
2

Figure 34. (a) Astaxanthing o] 83 7154 slFF 4 (b) Astaxanthin T H

o ARE
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A1d a7 ME 5% @8=

Az o ATE lab scale®] astaxanthin YAFFAHL MEslz, AFES
A28k, pilot scale®] HEFAHS FR3= o FHIHAGD. F8 ATAEAHRE
fokstd & 2

(1) EAZA u¥bHQ  fractional factorial design(FFD)3} central composite
design(CCD)& ©]§-3}] astaxanthin FHZFS FHAZE + s HHI{AZ S
w3} o). Factorial design®] 6712 QA2 A ek WRAL AAY 17, 94
B EZE olAEHolE HIl A 2EWZS, 1o Ui 4¥E IYsR R,
central composite design-e A%, ¢, oM OlE F ulZ}A] "SFE 7HA
3 54502 AYPL Pt a1 A# ¥ S astaxanthin®] FHZFH 7
T ¥ 1040 pE/(m® - s), nitrate 0.04 g/L, phosphate 0.31 g/L, acetate 0.05 g/LO 2
glo] Hux 53] =3 U i J17ro] astaxanthin 2o} ko] &
2E & F7F AU

(2) Astaxanthin®] AJ4tollA] o thdt Fgo g W ALY FT, light
quality] 93, dZ@del 4F¢ ARG 2 23 FEE 900 uE(m’ - 5)9
X] astaxanthin 5% 700 mg/L ©o]4o] EFFHJon, HA giFo] =ALZ I3}

FXge FAANE F dor, AFHY Y dyAe FFEGe HEHRS
ol g3l Hol A4t ol ERHUS FAT + UUT-

() 71 478 Fakol dwzFe) Wo] §U¢ AeT FHE TG

FAENS7]E 10 L FEDT)) FRE 4718 AF - AP erle A
St Wyog B

deddes AAHNen JBIREES A ¥e TF
t R G o, AFHU ddFFe el 7heds A
ot B A7ERE EYE €A 30 L o 7Eg FAENST] 1717 A%

@ 10 L #29 F42087)% o g5t NAFFY AN F4L 9



¢ FRad(umosta) WF HHE EYAT BIA AT 4ol Fa
Axdl YoiAE P52 IS FFoh Fo2H TEE WL
FEaAT MZE APHE o &3 MEEH oF 100%e] g S &
FE AT & U

) AAFHY BEHY 207 NP A5t induction timed BE A
€ FYL AT YL stationary phase 7IZtE 27| F71 IR vyl 7
13
57t vl At U, o] stationary phasez 7]l inductiong Al7]&
RAol vlF71tE Folx, AHAESS FIANFHLEN TAH ZALE T4
2 %+ Ak

(6) Open system WAl BT AE]7l obd Aele] wigol A A 3
&S AT} open systemO 2 15t o] ® A E wjFo] M HIU
At FAA L AHEoZ 2FEY] FAE FHAY F AU HEF = EA
A AHEE T 2g9 ARE HE T FedE st

(7) Scale-up &3l n#E 7|9} attrition millg M XS E 3
A7 60~80%c) S EH4E & AUk F= Sl oMHEH gl 27
Holx, FEAE 30%c] AWtk HPLC #4& B3 A"gze=
carotenoid 2] 3} ).

(8) Astaxanthin®] FEF3& T QAZHN {9 AXA| carotenoid TA&
S ZABIAT LYE HE2FoR 13, A oA 2 ¢UNEFE VAR
3t astaxanthin &9 A &3} carotenoid S 3E EQF AT Ax g2
o Blg] ZAY&ol 40%old EA e

9 FE3 7S MEstr] Yl AAFLE astaxanthino] /72 7%
A s AEQ essence®} eye cream ¥ HITFE AU H-

FAdzY 7 2% d3%e Ast 2L oY A #HYE T A
FTET 1ZAEES 20 glolA 59 gLE 3uiAFE wro] FUHHA FRAT,
astaxanthin®] Hi1FEXE 34.5 mg/LolA F 700 mg/LE 20u]0]4d F71A]7)
F AAE AU Y e IFHAEY ATFERE FARE AT

3}1, olelthgt 24=E AT Aol

of

ol\

o

fr

D
ki

Olt

2} inductionS &3P, Wl A} astaxanthin SHEE7F FY

—_—

rlr
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g4=

= ®

(%) e
Astaxanthin =7 29| o3} 140 astaxanthin % > 700 mg/L
oA 1Fx wY 70 HE AXEX > 6x10° cel/mL

AEWke7] = 10 L 7F247)),

Lab. ANEZA T >100
ab. TR AEFH MY 30 L 72 (17))
A o 2 F& A5 £ 90 Axy o 24 2 FEE9 F&
=z AN A3

) . Astaxanthin -§ 8 A &3} o] carotenoid 3

e G BEAF
AT asmantin GFLTH | 0 gy unaye g0 ans a
T e a4 HAI w

Aes AHE 100 Astaxanthin /3 7|54 }AF %

H] =72

A 24A g9 719 x

olA7}A] #e AEZHo| wAHEFAAN LAHAJSAET 731, AHEs)
7} HA && olfe 1FT vAMERFY wigrIEo] FAHZR AU A E
o, & AlQlo] FAEHo|Zt v}, AAHL F£F AFT vAZFY oF
Hdrles SR 2 Zlolth

A astaxanthin®] £5F £T7} B ALdA L Ae71x bk
o, @t A AZ2ZE, o 30% HEY astaxanthing T
astaxanthin®] &<}, J4H8 AHE o] & 7IT5AH S§FEF Y852 AHst=
Aol Aol FEHI A 75 o2 J|dHA, /1A EFe 71A
9 ookF e el Bl 4R 2 JteAF AAF X E M Al
higeaal=]

i
-

o

I
=

Ee Y olAxF7 Ad F3FAT 249A ZAY
| o

Sk o] 83l IFRIIZFA] F& AEe FESFHo|IE
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AAZHY e 94 wAx{F ez wdrIed ALEE xSty
astaxanthin (3,3'-dihydroxy-B,B'-carotene-4,4'-dione) & AEFAHL o|&3 754

$AEF 24 2 goF] I8 A&ssuz .

1

O 713 54

A AAHez nARF AGH YAFRAAY 1 E HFTec]

g39 url g17] W&o o] ok Jet 2 1 FFo] MAHA B4
& ZFedy o F Fastn ¥ = Y& Aotk Y nF: WYrle ¥
olyel AdFow AL3r) 7ted A& uld, 2-stage FAEFRES I, size
selective cell separator, M| X 2] Z}, {FE&EHY] F& 2 A 7&
o] 83 FE&EH9 At UAX FH Hojod y|eEe] A A A
Hoz AFHI e APo|BZE ol& e FHLE Adste AAAHY
T2 A2 o] Hasdiy £ A7 ol AAZFHA TAH ExEHA
ATE FYPgozA ofx YA KF o] £oFY 7]&F knowhowE 2
g Zlo|th

& )] astaxanthin& microalgae$l Haematococcus pluvialis, Krill Shrimp, Z1

Mok o
o o

213 YeastQl Phaffia rhodozymaZK-¥] 22t FZ 5o AMEHIY B3 A7
BA N A=  Haematococcus pluwvialis2HE ZAA Qo] i, FZo] 43
astaxanthin 0il& 7)&ZFo|th. Haematococccust= THE m|AEof| 85t A X9
ol F3 gaste & FEHol ofF del @A AA fen,
A FhH wyleZe 2YAFEN, §9Y, B4 Tol 9% Ee £
AHEE T gl a2y opF] Hggt FE&HYo] WEEZR ool FEEEC] W
I FAHY gyt & ARt B AFHA dAe AEY Hol P &
©8t  Haematococcus pluvialis 25| astaxanthing EHZ o2 F&, AHA e
714S /Lt Aol astaxanthing ¢HA ST THE A Fo] FH Aol EXE
AA}ete ATE FPFLZA JAAEY F&, A, AAS Jies FH)
3 o}-& ¥ astaxanthino] F7FE G SAFE AeId

3 astaxanthin®} o] A degradationo] Yojut= EAE| U3l
227, sietd, AEstd He FozA wRr|E seFE slEd Wt
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frEEdes A rlee A

rSL'

£ A7 oz WAl B
g Aotk
59 FHE by HAH RokzA Ad dree &Y
Azsel HeT + Yoz A2e #8249 WA F Al oH o
288 4 oA 7o 71¢d BHFEdE O T Ao

vAstaxanthin% EaE g Hlate] oF 5008 o4 B a3} &I, @
= 783 4oz EFsta AAHLE =
71 ARGA olv, FWIME A9 A7/7F H3 JA ¥} Astaxanthin A7
Hozx AEE A7t FaFoln ol T FZ, A sl FHol
g2 ¥ AHo]2E astaxanthing] F&, ¥, A 2 SFEAF 729

1S FRIA AFE AHE F AR AANZAME ZAFH A9 & 5

12
ol\
ol
f,oy
¥
*o‘
t:op
hJ)
]
3;
|

Astaxanthin& ¢ oFE, 3AE, AAAE, AlE T2 2000007 35
ool Aol FAE Qo did 30%e] Aol ZidEHA, @A o
Fg HEZ ANHAX: Uk FEFAHeR AVHE % £E9
astaxanthin® A AN F559 FAE7F oA = racemic mixture((3R,3'R) :
meso- : (35,3'S) = 1:2:1)0] 3 ¢t Alo] HolR| & free acid Fe)o|w F3tukgA|
o ByEwAdoz s Axe] Hgd E sk UeR ool 1 F8o]
Atzo gt Aol ojA kgF $2,0009] w2 FF FujET YT FZF
AX F23 AL 24 (GRINIHZA T BAEE I Fl vl
d o "olxAu 10% ¢=& 23 Ax ABA FAe A HYelEz F=2
7154 B3BF AMAZA BiEo] kg $8,0009 FFol FAvjHI YTt

Ao F7ltEA AE, ALE TS dH3te 7IEel HA 71s4el
Rog AFL Adste APl solvbn e FAHolth mEhA astaxanthin}
Z2e N2 7154 aAE Faxste =¥Ho HIT A&EHI U4

Astaxanthing #4tslztgo] g #¥icsl WA, AFH &, 4 T2

2

rﬁ



duidlel #AHdE Il FEE 2A0H J%E, V158 AF, AEF By

€ @7OAM AgEazste vlAERFd 93t AL o R
80% o]4)ol Aol 7 sttt deld (353S)F el enantiomero] B,
AEEE 7HE 5T diester(C-189] AWato] T 7} Bo] ML E2Th)
Felolth. olejgt FEl9] astaxanthin® 2.5% o]3le] @Fe FTAME kgF
$10,000 o]Ae] 2 FE)3 Qo
A Fo) SR u|MZFH pluwialis)o] 23 AL dlF HurE
T *Z(open ponds)ell A} o]FolA 1 o] e FFH AP, TFI L Y
FEE 2 oy B A7Ae AL EEY 2FE HAYE AEEey)
(closed photobioreactors)el] €]3F & AAFS 30%9] & A|E U] astaxanthin
FF AE LY AR AT 2AY O & ANTFS de 4
Aow, WjFAzte] GEaAI} glom, A B we RS 04¥ES 2
Itk I¥EE FREY F4AE A3 AAu], A48 2 #Au g Mo &
o2 1% 7HASs e A kg $30,000 o4 71dh)7}
At T3 i FAEe] dEo g wASE ugAR At glon e o
A7 derg e SAEL, AFAE 5o
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443

O dv/g 5% 2 u§
T 2 AFAMEEFE dFMEd &2 A
o o9 gug Sdde] g5 F frod A
4 5 AE ¥ o &4 wFe B4 7w 2wk A
RAALG A AF o vyl AMe %% wjeF P astaxanthin LFE
Ay N
o FFEQGOL FE, 47]) FAENS7] A7,
472t U= . - o A=A BY
(2003) ;‘fii Afj%:? T:{ o 29 TR AW 2 LAY AF
2ALTIBAANYE o gz gazwsile o8d AAEERY A
o Pilot FR2 YEITAHE A HPrle A7
o o Pilot scaledl| Al AlE=}afiel 2§ 5714 Y
Asarantin F2ANE o 297 222 8% 73 2% %Y
N o 442+Al astaxanthin §B9) A z7|& M
o HEd LT 165 RNA A8 &4 &
. =5 B3 = 5 ke
Ay o F=o B%L;}Oi‘é;}ji;;]ﬂ 535 5 Al Ak
g g AiE 3 b S s o N
o " A dAEEAH W& o] & A Y
a7 42 AE
o MelnFof FHA MY A
52 d= Pilot 75.) o ABEFH H3F %%ifﬁﬁ%] Q%
(2004) NYEEH AZ D o ‘:}_% FYERS7Y A3t 7e A7
:z-] o Al8L Pilot 722 FAHESY) (100L, 17])
e A, A, A2
o Pilot scaleel X IF FF7 23 AA rie
Astaxanthin JA| 7]& N
7Rt o ZzvtEIHHY % FAVIE N
o %44 astaxanthin £%42] AZx7|& A4
o Scale-up &, T tFALAIAZ A FA|
AAA Zze 2L EA9 2
Adgle] 2 739 | o Fine-tuninge 2 #HZE scale T HE22H 10°
AAA A celymL$} 1 g/l ©]/}9] astaxanthin AY 3HeF-&
gAZEE Ay
ZA 713 A4E B4
62 Y= Pilot F2 9 FAENS7] M D FriAz
(2005) Pilot 729 AYEFTH |0 FAENS 9 AAHQA TP 7MY

AA BT A, A3 2 A5
A B AN 2 AN B4 A7

Astaxanthin] A] A&
A g AEH

0 0O 0|0 O O 0]O

Astaxanthin oil A]A]& AJAF

Astaxanthin A& A AJAZ AL
Astaxanthing H71% SAF 7L 2 AAF
4%

72 -




0 44dA=(2003d) FRAAA

Pilot 7529 AEFA/NEE 9% 7IWlE

AEFA O] AALA FHE JPE Astaxanthin &
&g AT g7 g 71& e
kgl Eddo] & SR FAEY Axsd T4 F
z 8 41 &7] A7z g}
&3 155 TR HHLAZzA ZYA  FEE
A A& astaxanthin k3] sy ikl
=3 of A& / {
\‘ ’/ _T FEA
LBl A 24 w97 o GAaE astaxanthin 3<%
l , s 571 A Wikls
LdF B4 S Al AEFAQ] A AAAQ F& 7]
&

ZFTFE astaxanthin AJAHA|2H] 75
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