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Abstract
This report summarizes the results of extraction of two important plant derived compounds such
as astaxanthin from unicellular microalgae, H. pluvialis, and phenolic compounds from fruits of T.
chebula. The appropriate solvent for astaxanthin extraction was found to be acetone and the technique
that gave the highest extraction yield was microwave assisted extraction. For extraction of total phenolics
from T. chebula, water-EtOH and water-propylene glycol were found to be appropriate solvent systems
which also allowf sugaring out concentration of the compounds to be possible. The sugaring out

concentration process is considered benign to human and environment.
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Time (min)

i1 2.1 YSmamsuedawsuiuhada lda1035msus (Maceration)

2.2.2 F5msl¥nnumileldaasinlumsana (UAE)

Haveanawazguunin I lumsasamsusanmrunuA03535mMs I9naumiloidvinas

«

[V

Fagii 22 wudmnaegungif 1 lumsasamsueaa v sasms afamsuota v
Aatustiesaaialudanaimsada s waitusn 35 numsuoaausuinnniiqa fie
4117:1.97% Tugas 5 330 Wil Sasimsatamsueamuasiiuanauazas Iaaumiledos
Tumsafali 1@l namsueamusuiiufiadaldmnnniu denvufousumsasad
Ty ﬁya‘lfmmijmummwammmsa"mmzn1sma1aﬁamaawaaﬁ1m1uszuuﬁ11ﬁqmnqﬁmwwqaqa
innsunas TUiaw ISR AMLAURY (Zhao et al,, 2006, Toma et al,, 2001) Azt aAnLIL
u nazBnumisue an s finfiade Idiutudnafaauiiidszing 7042% fnmmsada 60
Wit ndamminlSinamsueamusuivii ada ldanasiie s lums afaunidu dnfuani:d

annsaadamsueamwyuiulduniigaie 45°C adauu 60 uf



100

00 | Temperaae PR solvent:acetone

80 i (°C) recovery (%)
o 30 o
70 o 4 O
[ 60 A
% 60 A
850 -
;;g 40 A
g 30 -
%
< 20 1

10 A

0 &

0 10 20 30 40 S0 60 70 8 90 100
Time (min)

14 2.2 PSnamsueamusuiuiada ldadoldnaumilodssmdrsTumsada (UAE)

223 38msWadudlnsnsndumsaia (MAE)

Yimnmmsueanuauiiuiiasa dfuduedadeiiedlugramsafa s wiusnluyn
Quupiimsana namiu msafaiigunni 30 45 waz 60°C Ysnamsueanurufiuasiinasn
Fanalumseada fguugd 70 uaz 75°C wuhasamsueanuruinldmaigaludas s ui

uspuazndsnniuszanas Ysummsueaawauiunadaldinnhganguugll 75°C Uszanm
a s 9 a nﬂ' n' =% = (o] L ar =Y

74+4% naennanalyllduiu s i dieuguugiigate 78°c ldannsoadamsueaamsuiu

A .:1 q o .:; R o

Wu'lden issnnmsueaaiusunulaouTnsaad 19910 (all-E)-astaxanthin -~ 1w (132)-

astaxanthin (Zhao et al., 2006)



100

solvent:acetone Temperature Astaxanthin Temperature Astaxanthin

\le)
[

“o recovery (%) (°C) recovery (%)

o]
o
I

30 O 70 _O_

75

~1
[ [

Astaxanthin recovery (%)
o) ESS (W (=)
<o o <o

(39
<

—
o

[

i 1 T T

0 10 20 30 40 50 60 70
Time (min)

517 2.3 USinamsueaawauiuiada lddoldaauluInsnwswdelumsada (MAE)

2.2.4 nsaumsuismsanaasueaasuny
USumsueaausununada ldonnuaaz T uansnen1sen 1 wudhlSuaasuoanl
npuniuiadaldniigafelszann 74 + 4% afaldniniimsldnaululasnvswlumsadan

a o o Y A Y A A A T a Y o) Y (o
gangl 75 °C nazmsadadie3tmsldndumileduasuiguugiilumsade 45 °c 1diSinaans
geaa s URUINNUSUA LD Aollszina 73 + 3% myadamsueaaiusunudloaaululasow
o W Yl A A A a A A ) v
aunseadaldangungiigunilegadonvesesdlau iisswinszuuaaulnsimmsaldanudou
Y 1 o b4 ' 3 2 [] A 1 =4 3 A
Tdoo19590157 naz lsa lumsadadu Feezdivaanmisi@ouamnwvesas oo lsamunmsldaau
mileduaslumsadamuns aadamsuoaamaunuldlsunlndfosduduis 1 daau Ty Tasnd
q Y w 1 =1 q =] a v a o o d' Qs
ualdarlumsadauiuniide 60 Wi wazdionlSvumsudunuiselusfanadamsusaaiuay
Audumsveulaeenlsdingdvinds (60-83 %) (Machmudah et al., 2006, Krichnavaruk et al., 2008,
. v v
Thana et al., 2008) Wyl uilonlSsuounaaeddslunsadamsueaamusunululSnunladifios
[) v .
fu msadadrondulylasnwldnarlumsasatoundn soralsfion vanislgaaululasnwsw
lumsadauazmsafadions l¥ndumilede Fanden15sz3fem BT UAUa NI DY
) v ) v
aaw'ldie waveslSunumsusanuununada 1dsiuiansideuaalove e s us e L UAUN
b4

Auwuluaudsedl suduldnisms daaululasndswlumsadaceandssdunmsilszanunld

91719 1UIUVD9 Zhao et al. (2009)



A1519% 2.1 SsufouIsmsafamsueaauyuiuaBITa99

Methods Temperature (°C) Time (min) % astaxanthin recovery |
Maceration 45 15 5714
Soxhlet 56.5 4 hour 7032
UAE 45 60 7313
MAE 75 5 7414

2.3 agduaziaweuns

msafamsuoaausuiudmsunsataynis awisaanaladdisdiazavesdlau

v Yyay Yy A A o ) ' o v 9
uazensoaialaaaloms ldndumilodos uazmsldeauluInsvswlumsada msadadao

g { 3) @ o kg a o’/’
aauluTasndigungii 75 °C Tavldesd Taudludiiazaw sunsoafams 18 luszoznadudu

£y Y A w Y aa o Vv A k9 o 4
nnHansnaaeItaauduiulanIEmsafamsdisaanluTsndawsoadamsdidysinamsie

H. pluvialis 1#ot1alidsedninn

2.4 USIMNYNTH
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8346-8351.
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vegetal tissues solvent extraction. Ultrasonic Sonochemistry, 8: 137-142.
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astaxanthin from Haematococcus Pluvialis by response surface methodology and antioxidant

activities of the extracts. Separation Science Technololgy, 44: 243-262.
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a o oY Y Y = a

Ynn 3 ﬂ]iﬁﬂﬂ!lﬁxﬂ]‘i‘ﬂﬂﬂﬂlu‘uuﬂl9\1ﬁ15ﬂ5$ﬂ9ﬂﬂuﬂﬁﬂﬁ1ﬂNi’lﬁNEﬂ‘nﬂ
3.1 35msiimsIve
3.1.1 FagAvuazamsng

b4 v A ar [ [ [ a v

AU Terminalia chebula MIAEMTIUIToMInTal Mavd1ayndaed1efidiumsuaudagn

Wldsourunzunsvua 500 tM #1511ATTIU (ATALUNATN LAZATADAIIN) LAzAINTE Folin-
¥ ¥ 1] ¥ ¥ v ¥
Ciocalteau “I?i)mmﬂSigma-Aldrich Chemicals (Missouri, USA) ﬁﬂ%“lums‘wﬂamuﬁl‘ffﬁmﬁuuazm
de-ionized Ethanol, formic acid 118y HPLC grade Methanol 49910 Merck (Darmstadt, FR Germany)
b4 ' ¥
Propylene glycol ¥091nMiuGou (Ngunng Usznalne) nglaadooin Ajax Finechem (NSW,
Australia)
3.1.2 msana
¥ v

WINAUASDS T, chebula 1UUAAZTOUAIUALIATIVUIA 500 pm 9INTUTT 1 ASUVDININA
T. chebula Y1l ldvraufifunanaosvin dodhfunedunl reflux wazmes luiiwes  afaas
fotindieahazats (h-enuea nieh-wsewadulnanea) 150 mi Tasfinunavosqumyil

Y v LY a s o 1 a = a ar

AN udUYIRItaza1wduns d taznmaedsuailueanlumsana

3.1.2.1 MIVAUVUNITNARDITIHIUNSANA

= A Pt o - a d o 9 2
TunisanyunemanuansamnzaulumsanamsUsenavdAuoannananiii-o

¥
nea (EOH) nazi-wsonaau lnanea (PG) 19nseonuuunisnaasg spherical CCD sanaaslu
51l 3.1 e o = 'k Taofi k Aedwaudaunlshiinw Tundl Fawdanls 3 d2'14un qungdl (x,),

b 4
AU (X)) uazna1(X,) A1 factorial LAY axial design points UUNUAIVBINSINANSATIYIAL

VEk weraalugaii 3

[l
~

gﬂ‘ﬂ 3.1 Central composite orthogonal rotatable design

sEAUAaN NaN uazyuveudaz M asuwlasgnesnuuui -1.73, 0 ag +1.73 Muddy
a L] = a J a o 9/ a ° :: «’1 9/ ¥
famm o ouduansigndoul3lumisiei 3.1 Tasezdhimsnaaoaianua 17 a3 1dun 8

o @ o (9 . . ¥ o ar
factorial points dmsuaauls 3 aauls 6 axial points LLA¥ 3 center runs Tau 3 center runs 1¥d MU
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y ¥
Famanuamamaon anjuansaagil experimental matrix 713U three - variable spherical central

composite design (oA TUAI51991 3.2

M3 3.1 savesdlsdinsumsana

Levels
Variables
-1.73 -1 0 1 1.73
X, = Temp (°c) 29 40 55 70 81
X, = EtOH (%v/v) 0 17 40 63 80
X, = PG (%V/v) 13 20 30 40 47
X, = Time (min) 19 30 45 60 71
13797 3.2 Spherical CCD dwmsudaulsoase 3 duuls
Run X, X, X,
1 -1 -1 -1
2 1 -1 -1
3 -1 1 -1
4 1 1 -1
5 -1 -1 1
6 1 -1 1
7 -1 1 1
8 1 1 1
9 -1.73 0 0
10 1.73 0 0
1 0 -1.73 0
12 0 1.73 0
13 0 0 -1.73
14 0 0 1.73
15 0 0 0
16 0 0 0
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o o 1 o a v Y °
mmanwuﬁixmnmuﬂsaﬁsznmazmua:mimﬂuaumgnmmmﬁ'wmms second -

order polynomial o 11kl

3 3 3 3
Y =P+ Z BiXi+ Z BuX{ + Z BuXiX;;i=j 3.1
i=1 i=1 i=1 j=1
o Y = maoweies X, = sifavesdaulsTuaums B, = A1 B, = regression cocfficient
Haz B, = cross-product coefficient AMTBOULLULAZMIIATIEHUYDINTNAADA central composite ¥
Tauld Statistical Package for the Social Sciences (SPSS)

VYV oy oy

3.1.3 nszuIUMIMITvudua oo
b 4 v v )

0§ o v o9 &y 3 FAN o dyy v v 7
lunmshdmsasaduduiudroihnatiu hasadan ldennisadadioi-enuen
J a a 4y v ' Y dda a a = a

uazrir-wsenadu lnanoan IdeinnisnaassneunthiliiicnsisgneuuednuniigaalSuim 10

° 1 S a ¥ @ @ o ¥ y '

mt gmiunldasiunasanaasssinmin@ungTaedr il luasada vasminmiuldnaudousuni
&8 a 9 A =2 d” o Y a

ngTaaaud lilvzazmesunua etagaiiaziIifanmsusnilavesns Tasdnywaveaniu

P o ' a A & '

WuduveangTaaiuanaiadu (50, 100,150, 200 uaz 250 g/L) Avtlsz@nEnwlumsuonadavzeg

Tugilvesdasiaauma (R)
R = Vtop/ Vbottom (3:2)

A A a v o v A v v 49 ¥
o Vlop U v, ﬂﬂﬂsn]ﬂima“ﬂﬁﬂulla:lﬂﬁﬁ'l\?ﬂ'lllfﬂﬂll lwaﬁ1ﬂ'nul‘lllﬁlu11@\3ﬂqIﬂ?ff‘ﬂﬁlﬂﬂ1

bottom
Y] [ d' 9 9 = a o a
dasrdrumamnnige anududuvssmsilsznouuedns i wazasidsznouiuwiz (nsaunad
AuANTAdaNaN) YeauAazINaIzZgNINT1zHA 0 HPLC
¢ a s a a ke
Fuilszansnsnsze (D) veaasisenouuedans I nTALNAAN LaznTALDARIIN TUL1-

v
MU uazti-nonadu lnaneanduin ldewauns

D= Ctop/cbottom 33

1§iD C,,, 4AE Cy,p AOTATMAMIEIUM TSRO VYD UMMM IARY

bottom
3.1.4 MINAIZH
3.1.4.1 msvif3mnamueansiu
a a : Ya . . as < v Y dy
UsumauAusaans 1w un 1 Taol¥d5 Folin-Ciocalteau  YFuINMTANBINOUNUIY
. ¥ v
(Rodriguez-Meizoso et al., 2006) AaNAvThE e Ide1nn1saia Tagti-loniuea uazi-wsewa

v v v
au'lnanea YSuim 0.1 ml wazateluiiingu 2.8 ml ndwiensweaudena liliduaisazaio 2%
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Tandeun1suoma luii U1 2 m a9 3 W1 1Y 50% Folin- Ciocalteau reagent Y3118 0.1 ml
ad I luensnauiaziaAnguugivesuiu 30 i uazih luSasinmsganauiasii 750 nm Taold
indulumsdede UsinadusdnsauduanuuRug 4uea calibration curve Y84NTALNATN
3.1.4.2 MIUANZHAN5ANA T.chebula Waa HPLC
Msdnnvnsaunadnuaznsada1dnii1d 1ae 1y high performance liquid chromatography
(HPLC) Raa15720019U511a5 10 pL uaz gradient system 494 0.1% formic acid (A1azay A):
o o 4 .4 A o ¢ dd 0 A
methanol (#2%h1aza18 B) H0a31m3Ina | mimin iquuaiivesnadunineiii 25 °C uazmiod
752930 UV #1270 nm 1A6 gradient system (31910 4% Miazas B 1uniif o uazildowily 80%
a o d' dd‘ I
Mhavats B 1 27 meluszeznar 30 wi
3.1.4.3 ANUAINIOIUMINIHRYYaRaSY
Antioxidant  activity ~ @15afafi lavintiiteniuea uazrir-nsewadulnansanil
& s A A o & o cqa VY v oy J Y an
msiszneviuedniinnigagnianinoutasnainszuaums i idududinimadiois ABTS
Taold35MeT 101 Re et al., 1999
A9 iU A1 1C, niea1utuduvesdredeiivh Idiinmsanasuoamsgandumuuuaiedl
» b d
8950 % golddlunwaasnnuannsalumsdueyyadassveamsada omail msafa
¥ [l ¥ [
Wudugn@ensdioingu simiumsadadessgmirlilwauduasazats ABTS ™ (msazawdl
b 4 [l ]
W1 7 mM ABTS U@ 245 mM potassium persulfate f11159ANTUYDL 0.70£0.02 A 734 nm)
das1duTavdSuasiiny 1:10 (M15za1efI9619:a15a2aWABTS) msazatvgnnauiulaolsy
[ v v b d
vortex nagmswaui ldgnmir 1y 3 luniiafiguugiidesus 10 wid waswiminhldSadins
v b 4 .
ganauuasil 734 nm Taslhihndulumsdads

A4 percent inhibition (PI) gaf 1 Tavldaums

PI% = [(1— A./A,)] x 100 (3.4)

A, uaz A, ABAINIAANAUIAIYOITITAI0619AZA1501989 ABTS MUA1AY i Tuwdenrioy

fuanuduuveImsFIg1aaY linear regression vosdeyagnai1eturiomian IC,,
UBNIINA1IC,, ANA1INAY antioxidant activity Aoumzndnszuumsmldduduves

msafadignilseuiouugiued percent inhibition 1MFudasiduTaslTasves msada:

[ ¥
158010 ATBS Nnaruqal daaaslumsiane luil

15197 3.3 9a5 187U lavsuinsvos a1sana:a15asa1u ABTS

Volume ratio (ml) of Extract : ABTS solution 0.025:2, 0.025:5, 0.025:10, 0.025:15
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3.2. wamyiduuazentnena

Tuan3Suiiiensenidiuaesdin druusndnnmsasn 7.ohebula Taoldfarazato i
muiea tazi-wsefiadulnaneaiternavesiulsndnuaznansenuszn i susazdaTag
149 spherical central composite design (spherical CCD) uax?mswﬁ%’agaé’fmaumsv‘fuﬁmauaum
womanngimnzauiigalumsata ludiiaesrsadafiiilSmamslsznouiiuednnniiga
ynnsafanaaesszuyiiinu ludauus s %:gﬂmmﬁﬂﬁ'ﬁmmﬁn%’umnifuﬁ”wnszmuv‘h
Widududiima TaonsiAuasafadionglnmiteiidansuonaussens msandmma
wazdulsy@ndmsnszaievesitueansw uazmsUszneufluednfiinudumizanini ldun
nsABaTsAuaznsaunadnluefiqan antioxidant activity vesmsafaiildninnisadalanitie

»y A a A o 4o q Ys YY) P S
‘muE)auazm—w‘iawaau"lﬂaﬂamﬂ?ﬂumﬂnn‘uw*nﬂﬂummwmumﬂ‘*uuum

3.2.1 MyINTIEHaaR nazkavesdulsuinlumsadanelSinailuedn 14 (mg/eDW)
Tun13AnE1T 19015 90U TNARDILI spherical CCD wnaveIaullsvanuay
nansznussnIdnlsuaazi i idumsasamsiszneuiluedin (Mneuausa Y) 910 T.chebula
dulsfiaulafudgaingd ox) anududuvesdiiazmudun3s (x,) uazna (x,) Taokauls
QYT LALUDY spherical central composite design aaadaseh 3.1 uazkavetlSinaiueans

dueraafanisnan 3.4
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A15199 3.4 Namnmmﬁ"ﬂmnnnmsmam

Run Xl X; X3 Ywn(e.rhEIOH Y,

water-PG
1 -1 -1 -1 179.41 165.96
2 1 -1 -1 177.34 177.62
3 -1 1 -1 177.01 176.97
4 1 1 -1 184.89 171.49
5 -1 -1 1 158.86 157.00
6 1 -1 1 162.97 168.53
7 -1 1 1 174.59 177.58
8 1 1 1 218.40 205.64
9 -1.73 0 0 162.36 142.38
10 1.73 0 0 173.08 167.62
11 0 -1.73 0 128.67 175.47
12 0 1.73 0 187.26 188.39
13 0 0 -1.73 197.37 186.80
14 0 0 1.73 176.53 165.30
15 | 0 0 0 205.74 174.65
16 0 0 0 200.09 176.13
17 0 0 0 201.32 17597

10A15199 3.4 91N uATIzANulasunas (ANOVA) TasldTilsunsu SPSS 16.0 1onIA3
et o a [ A a N a 4 ] o a oA oA u:iy
wilsnauddyaelsuuduedn vinmsansizinuIwwusiaeslinnuiuFetesginiovaz 95
9 v ¥ 9
uazHananuagnsIusan Aluasan 3.5 - 3.6 dmsui - eniuea uaziii - wiewaaulna

ADAATURINY



A a = a 4dyy o oy
AT NN 3.5A1319 ANOVA ‘llf]ﬂﬂill1m1’4uﬂﬁﬂ1’lllﬂmﬂﬂﬁﬁﬂﬂTﬂUu1 —1IMUDAN

17

Dependent Variable:Y
Type I1I Sum of
Source Df Mean Square F Sig.
Squares
Corrected Model 7142.080" 14 510.149 57.879 017
Intercept 303022.492 1 303022.492 34379.272 .000
X, 1860.177 3 620.059 70.349 014
X, 4811.742 3 1603.914 181.971 005
X 504.776 3 168.259 19.090 050
X *X, 308.099 1 308.099 34.955 027
X, *X, 221.648 1 221.648 25.147 038
X, * X, 544.692 1 544.692 61.798 016
X *X, ¥ X, 110.789 1 110.789 12.570 071
Error 17.628 2 8.814
Total 560077.059 17
Corrected Total 7159.708 16

a. R Squared = .998 (Adjusted R Squared = .980)

¥
MINMIIATIZHAI ANOVA  dmFuszumi-enuea uaasliiiuiimaniayndauds
18un gamgdl (X)) anudndu (X, naznm (X)) wazmstugivvesdulsdelsnaidvednig
a [ 4 s a o A o & :
(v) vagilumsadadioszuumir-wsenaau lnanoa dwaasluaisieh 3.6 uaaarutanave i

s 2 o [ ] a a 3 1
fT]iJS‘I'Jllﬂﬁllﬁ:ﬂﬁﬂ53‘Vl‘1]°INﬂullﬁ:ﬁﬂuﬁxﬁ'JNQﬂlﬁ{]mmgl'Jfﬂ ua:qmﬁgmmxmmh’fmmﬁwama

USinaAuednin 1A () 0nwa T.chebula Woq iy
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A1597 3.6 M13719 ANOVA voedlSuaiuedni ldanmsadalasi-niedadulnanoa

Dependent Variable:Y

18

Type III Sum of
Source Df Mean Square F Sig.
Squares

Corrected Model 2921.504" 14 208.679 318.297 003

Intercept 306178.104 1 306178.104  467012.623 .000

X, 1088.977 3 362.992 553.671 002

X, 621.000 3 207.000 315.737 003

X, " 266.168 3 88.723 135.328 007

X, *X, 047 1 047 071 814

X, * X, 139.595 1 139.595 212.924 .005

X, * X, 348.746 1 348.746 531.941 002

X, * X, * X, 141.800 1 141.800 216.288 005

Error 1.311 2 656

Total 516053.467 17
Corrected Total 2922.816 16

a. R Squared = 1.000 (Adjusted R Squared = .996)

d' -:; u !I: : =)
322 aszfimanzauiigalunsaialagldii-teniuea uazii-wseRadulnanoaves

msisenouuedne ke T.chebula

@ o v o J o P a ° § =
ﬂ’J'lllﬁ'llwuﬁ'i“"H’J'I\WI’Jll‘]_l‘ilmﬁ“’ﬂ’)“ﬁ“’ﬁ'"ﬁl’izﬂﬂﬂwuﬂﬁﬂﬂﬂﬂ"lﬁ’(’]\?ﬁl?{!ﬁuﬂ’lﬂﬂﬂﬁuﬂ\?

Taolduuusrans 2™ order polynomial TﬂU1‘nTﬂsnnﬂsuﬂ1aﬁaﬂ SPSS 16.0 N151A5 12 m"lﬂsau"lﬂu

ﬂTSNVI 37-39u083.10-3.12 mmum—mmuﬂa agz ‘m wsawaau"lﬂaﬂﬂamuamu

¥ v »
19190 3.7 upU§IaTINI0N Y, o (HUBANNN TUTZUIND — 1BMIUBA)

Std. Error of the
Model R R Square Adjusted R Square
Estimate

1 .949 901 75 10.042

a. Predictors: (Constant), X, X, X,X,, X X;, X, X,, X,, X,, X, X,X,, X, X,



M1351971 3.8 113519 ANOVA dmsuanziminzauigavesduednilives Y

water — EtOH

19

Model Sum of Squares Df Mean Square F Sig.
Regression 6453.797 9 717.089 7.111 008"
1 Residual 705.911 7 100.844
Total 7159.708 16

a. Predictors: (Constant), X, X,, X,X,, X X;, X, X,, X;, X,, X,, X,X,, XX,
b. Dependent Variable: Y

! ¥
A15°19% 3.9 dutlseanfvesaumsNUAINDUAUDUDY Y

water - EtOH

Standardized

Unstandardized Coefficients Coefficients
Model B Std. Error Beta t Sig.
1 (Constant) 202.360 5.798 34.903 .000
X, 5.167 2.685 228 1.924 .096
X, 12.703 2.685 .561 4.731 002
X, -2.851 2.685 126 -1.062 324
XX, 6.206 3.550 207 1.748 124
XX, 5.264 3.550 176 1.483 182
XX, 8.251 3.550 276 2324 .053
XX, -9.975 2.880 -.447 -3.463 011
XX, -13.234 2.880 -.594 -4.594 .003
XX, -3.550 2.880 -.159 -1.232 258

a. Dependent Variable: Y

) . ¥
@13199 3.10 HUUSIADITINYDY Y Fuednniiluszui — nyewadu'lnanea)

water - PG

Model R R Square Adjusted R Square Std. Error of the Estimate

a

1 910 828 .607 8.473

a. Predictors: (Constant), X,X,, X,X,, X, X, X,X,, X;, X,, X, X,X,, XX,



20

P o o P a ~ a dat
A15 19N 3.11 #1519 ANOVA tﬂ‘Hi‘Uffm’wmmﬂ::ﬁl!‘ﬂ’qml’t’)ﬁﬂuﬂam’m*ili’)ﬁ Y

water ~ PG

Model Sum of Squares Df Mean Square F Sig.
Regression 2420.200 9 268911 3.745 048"
1 Residual 502.587 7 71.798
Total 2922.787 16

a. Predictors: (Constant), X, X,, X, X, X X,, X X,, X,, X,, X, X,X,, X, X,
b. Dependent Variable: Y

¥ ¥
A1519% 3.12 FuU s ANBUeIa UM TN UAIABUAUDIUDY Y

water - PG
Standardized
Unstandardized Coefficients
Model Coefficients t Sig.
B Std. Error Beta
(Constant) 175.574 4,892 35.889 .000
X, 6.395 2.266 442 2.822 .026
X, 6.071 2.266 420 2.679 032
X, -1.465 2.266 -.101 -.647 538
| XX, -077 2.996 -.004 -.026 980
XX 4.177 2.996 219 1.394 206
XX, 6.602 2.996 345 2.204 063
XX, -6.089 2.431 -428 -2.505 .041
XX, 2.909 2431 204 1.197 270
XX, .946 2.431 .066 389 709

a. Dependent Variable: Y

AumnsuaueIdMIUsTYL e UeA Lasii-wseRadu lnanoa 7 1dNnms Tns gy
Témmerums
Yy uenson = 202.36+5.167X,+12.703X,-2.851X,+6.206X, X+
5.264X X, +8.251X,X,-9.975(X,)-13.234(X,)"-3.55 (X,)’ 3.1)
Y e = 175.574+6.395X,+6.071X,-1.465X,-0.077X X,

water-PG

+4.177X,X, +6.602X,X, -6.089 (X,)’ +2.909 (X,)’+0.946(X,)"  (3.2)
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lile Y flotffunaiduedniiil (mg/gDW) X, X, waz X, unudulsvosguugil anmduduvedah

(g °

azanwdunsd unzinat anwdfaesdulssinsudazdagniuinen P - value S1e1ueq P viou
A1 0.05 nudaesdulssAnsesiinnuindede dmsuszuwi - lemuea arududuveaem
weon (X,) naiMdsaesvesguugd (X,) uazanuudu (X;,) fianudidy dmsvszui -
wsofiadulnanea guugll (x) uazanududu (x) wazwalihdcesvosguungil ) 1
ANuEIAY fufaeuauewesmsiszneuiueansiulums afauaaslugilvesnsmanuiiagagil
# 3.2 uaz 3.3 dwmfuszumh - envea tazti - wsonaau lnanoamudidy nsmfnaaiuee
saumaunlsaead Tnofidmilseasifiszdugud

winume: uuuiiaes (umsh 3.1 uaz 3.2) Mfiesadaiigungiszndig 29-81 °C A

WUTUYDABNIUDATEH I 0 — 80 % v/v LiazANNuTUvoInsonaaulnansassvidg 1347 % viv
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v v b4
ManmInaasaazAniinauaaslugdi 3.4 (n) waz (1) dmiussuuii-eniuoa wag

» .
-wsenanu lnanoaniudiau ‘i]'lﬂNalLﬁ'ﬂQiﬁ'lﬁuaﬂﬂ’J'Iilu'll‘dlfﬂﬁﬂq.lﬂﬂﬂ'liﬁ'lu'ltﬁlﬂ\‘lﬂ'li‘l’lﬂa’GNNﬁ

Tasuuusiasy

Predicted values for Y qqqer-BiOH

Predicted vatues for ¥ oo

220.

160

140 .

120

140

Experumental values for Yyypiar EtOH

160

(M)

180

200

220

200

160

Experimental values for Yy a.r PG

v

160

200

i ¢ v o o g
E‘Lh’l 34(N) mmﬁuﬁuﬁizmnmmiﬂﬂaﬂauaz‘n"lﬁ’fil1nmimmUﬂlmizuum—mmuaa )

¢ \ 1 t:' -3 :’ Qs
mmt‘fuﬁuﬁszﬂanmms'vmamua:ﬂ"lﬁmnms71mw*umszuum—wsewaau'lnaﬂaa

3.23 mif‘hmmﬁuﬁmautmmi‘im%’uamazmiaﬁ’ﬂﬁmmzau

Response surface methodology (RSM) Qfﬂ‘l’f’tﬁaﬁmamﬁma:ﬁmmmuﬁq?ﬂumsaﬁ"ﬂ Tu

[ 4 [ ) v b4
#iil RSM gnldierinmsaeuauesiimzauiigadmsumsaia T.chebula Tauszvurih—1oniuea

¥
wazyi-wsewadu'lnansa

annzimingruigadivsunsadamusesiuialdanmssivua v partial derivative

b4 ¥
nnAuMHURInp UTUBIt AwRsusuR I suAazAliaumAugud dariy
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:a;;_z D } =0 (3.4)
{a‘:j\z" } =0 (3.5)
F;;‘;I” =0 (3.6)
aaYT o 6
—%éj—)_ =0 | (.8)

L —X)xy

v o =1 ' a A a o a A a
A1NOUAUDI Y, vinmssauuaasddmundSinufuedniiadalduniigaiia

water — EtOH
WY 212,51 mg/gDW wazeafaldfi X, = 1.41, X, = 1.48 uag X, = 2.48 na1uuusaeaansis
USinaifuedniiafaldvsuinfiqrezfadufiquugili 76 °c arududuveuenueaniiiu 764
%viv UAZUIL 82 WIT dIusneues Y, . Higefiqamiiy 178.64 mg/gDW sufniufiante
X,=0.013, X, = 0.63 uag X, = -1.48 nioifivumiiuguungl 57 °C anudiudunsoiaaulnanea 36
Yoviv Az R gAY 23 Wi

vinnisdny R Taon1s s ieidSuuvesnsaunadnuaznsadarsnluaisaia
T.chebula 76 HPLC (317 3.5 104 chromatogram voamsaiadauaaslfisiuis retention time vo4
AsAUNAANILAZATABAIINTAUNINDY 12.024 (az 24.818 WIRMUSIAL) DIANANTIATITHHY D
Jhinainsaunadnuagnsasarsnii ldninmsasalasszuuisemuea uazii-wsenadulnanoa
Lﬁmﬂ?Um‘ﬁvnﬁvﬁ"lﬁmﬂmﬂ%ii’ﬁﬁﬂqe]ua:msﬁﬁﬂ Soxhlet i Az uDANDEBAIAMSANYY

AoUNTE (Rangsriwong et al., 2009) aunsaagl lddumadluaisad 3.13



300~

200~

100

0

L

1

317 3.5 HPLC chromatogram Y89013a0@ T.chebula (1) NIALNDANUAZ (2) NIAUBAAITN

A1519% 3.13 psAUNARALAZDAIRNN TN

a

WNMIANANNNA T.chebula

Total phenolic ~ Component content (mg)
Extraction Temperature Extraction
content
methods (°C) time (min) GA EA
(mg/gDW)
Water-EtOH 70 60 218.40 11.00+0.04  9.11+0.06
Water-PG 70 60 205.64 9.83£0.055  5.93+0.07
Subcritical water 120 37.5 172.74 7.4+0.51 2.36+0.11
extraction* 180 37.5 116.16 14.72+0.22  5.38%0.15
Soxhlet water 100 120 173.4 6.37+0.21 2.27£0.15
extraction*® 100 240 151.627 7.59+0.16 2.14+0.21
Soxhlet ethanol 783 120 84.45 4.92+0.20 3.01+£0.22
extraction*® 78.3 240 76.093 3.33+0.11 2.35+0.40
Hot water
extraction in 100 120 157.73 7.04+£0.23 1.48+0.14

stirred vessel*

*(Rangsriwong et al., 2009)

v v ¥
e lunsian 3.13 ﬂ?mmﬂsmmaaﬂw'lﬁ'ﬂmmsﬁﬁﬂﬁlmm—mmuoaua:

b4
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HI-NsoNa

o g " A aa d & . g JPN & a a
aulraneaiuunniii1denisousndui ldoinmsafadinineinganguugii 180 °c n3ad

a dyy y 3 a o H VAN Y aad A o
mﬂfm'lﬂmnm—remmﬂaua:m—wsﬂwaau"lnaﬂaauumnmm"lﬂmmmu ua:mmﬂ?uumuunu

o S oa Y v vd o Y
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b a & 4
aontiuldguugiiosnndsasaaamsiouaniwyoms 1a
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AV Y ¥ Y o . A
3.2.4 pETUIUMIMIFNIUA e (Sugaring out concentration)
asafdanidsuinvesmsilsznevfuedinfuniigaszgnldivednyinszuiunsyld
H dy [] ~ L d‘ 4 -3
WuduTanimia nszuaumsi ldduduili lasdung Inaasluasanan 1diwe IdiAansionves
o Ao o o a o da ¥
arsidumaniinaviiazaiouin (Solvent rich phase: lon1UdaNI oWsoNaaU Inanea) uazmaniiih
. nd'ndy as v =) [ [ d| Aa o o
170 (water rich phase) TUAHIETNIOATIFIUAT (R) HIooas1dmUv0sdTuasvauilumaniiaavh
[ Aa %’ T v ' o a
azmeun (eguw) uazianiiiiunn (ega1) uaznanenl R 1nanusuduvseng Inaduduaglyl
Taganududuvesng Inaildsasidmmmisenigauas Ianududusesasananingnifenive
W ldmdulseansmInsze1uaa (distribution coefficient: D) Y0315 UszAdUTUBANI I NIAIADD
b4 b 4

AuaznsaunaalInsenINaeuralun aeIsuuA¥IaLa18 UBNIINIUEIN1 antioxidant Activity

s d‘ Q = r=} LY L 1 o %’
yomsananmlfiduduuddnde Tasnvuisuiuasananounsi lfidududioina Ta

antioxidant activity 9210994 1131484 Percent inhibition (%PI) tag IC,,

3.2.4.1 da a1 (Phase ratio)
Tunszuaums v lddududrnina szifanmsusmive (@agili 3.6) nasnniing lnadidn
[ a a 1 Ao a A 1
asllumsadaldsuanuiousunseisazarssurun wuimanfiasdunsdnnezegdruuuuay
et ’o’ Ty ' & a oy a A g 9y
wahihinnezegauais e lasnaudueniusauazwsenadu lnanoaszaansaazaslnila
d‘ 1 é a o o i‘,’ 1 =Y 3 d' = g d'
iipanInwaveavy OH Fufawuzs lalasnunui uansusnafaduiomuiimaasliliiessn
A . 2 . 2
Twanamaanuse TelaswunduTwanavenir wagkanluanaveiioonvneNIUBANSD
a o a ¥ o 2 add
wsoWadulnanea uazinamang Ina—iwendeensinaisazatsiEudn lunsaiiiienueauay
=t ’o’ = Q
wsoWadu lnanoaaiuisaeazaielalui msusamavesaisdromsidung Inadedoedondu
d 4 I3 as 1 ad o 3
foudndouiie lihaewusseniuenusanaznsonau lnaneadui navosvesnududy
l [ [} ] X w@ J 1y 1
yoang Inaaedasidaudd (R) vesmsatadanednsidinvestSuasveunaduuuaoma
Y v < ] yad 1A A2 Y Y g g Y
auaruansfagili 3.7 Fwaadldimuiudiomunnududuvesng Ined dinszuoneen lduna
1 3 U LY 1 ’O’ g
AUaINTUAIY 91031 WM 200 gL veang Inadasidmavesszui-teniuealazlil-
a A o Y o @ ' o 4 a ' )
wsonadu lnanoalinuniny 1.94 uaz 1.85 mua1ay sa1elsnmuilamung lnauinna 200 gL
[ 1 &’, 1 ~ g’; g ’o’ a ot a 3’; 9 d’l
sasduminnoutensi lunaszuutih-omuoanani-wsoRaau lnanea Aniuanuidudull

Segnidenieri 114 lumsnaasas

~ ¥ [ ° Yy 9 39
3% 3.6 avuuazadanendinszyiums vy



28

a ' @ o Y 8
17 3.6 Mavurazmaaemendinszuumsi v uty

9.00
8.00 ~ q
7.00 - A
6.00 - LY —d— Water-EtOH system
5.00 -
4.00
3.00 A
2.00
1.00 4
0.00 T T T T T
0 50 100 150 200 250 300

Glucose concenfration (g/L)

= ®= Watere-PG system

Phase ratio (Vpp/ Voonom)

P Y Y ' o
3191 3.7 wavoanNuNTUYBIng Inaredns e aveImTHfia

u

v . 14 9
nnududuveangInadina1 200 gL dasidrumavesszumi-wsonanu lnaneaiuga
T oy 2 a a :’ o
1719935z UI-N1UBA Fiv1ufau1naua s lunsazatsvoansenadu Inanealuiiil

4 4 1 4
aunanndwalimsuomiteonainmswauii-wsonadulnaneanatutdonnii
A ° Yy oy oy ¥ ) ' o an Yy 2 A ot o
Werunszuumsim It udusisiinand s wunmauniulifduiwidsnFsuieuny
1 2 @ Q' by é 1 P = dy -q'.;’,' ar 1 Y
waawmSemsanafudu Fudasinmsdseaeufusdniulegiduuu aisaianounaznds

o qY Y ¥ ¥ o o T a a Y, o
ﬂi:ﬂ')uﬂ‘liw'lclﬂﬂlu‘uuﬂaﬂu‘]ﬂ‘]agﬂu‘]vhhﬂﬂi3J1m°l|@§ﬂu0aﬂ'i’)llﬂ')ﬂ spectrophotometer LlA¥IA

a a A ¢ 1 a
‘1]'53J'Iﬂlﬂ'iﬂllﬂﬁﬁﬂllﬁ$ﬂiﬂllﬂﬁﬁ1ﬂﬂ‘5\1lﬂuﬁ3uﬂi:’,ﬂ'ﬂﬂﬂﬁﬂiuNﬂ T.chebula ﬁl'JU HPLC

1.800
1.600 - T
1.400 -
1.200
1.000
0.800 -
0.600 -
0.400 -
0.200
0.000

Phenolic concentration (mg/ml)

Water- Water-EtOH Water-EtOH  Water-PG Water-PG  Water-PG
EtOH (Top phase) (Bottom phasc) (Top phase) {Bottow phase)

Types of solvent extraction system

717 3.8 anududuvesmsdszneviusdnlumaunuazadimdsnszoiuns
ca ¥y ¥ oy
Mvdutumeimna

519 3.8 uassnnududuvesasdszneuAusdnsrumdanszuruns i Ididududie

u
¥

° ] [T = a 3 a d?’ Py :’ [~
iaa wunanuuIuvssHueaniunuIudavay 10 luszuvii-tenivea (11 1.44 1wy 1.58
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. a a Y v d a A 2y
mg/ml) Glu'iz‘u‘Uu1—‘w5E)‘waau"lﬂaﬂﬂaﬂ’nm‘um_lu‘umﬂuﬂamwmusauaz 11 (Q'Iﬂ 1.29 Lﬂu 1.43

mg/ml) duszaninsnszawvasnsdsenouduednuaasluasei 3.14

342 Hulsransmansznevesmslsznouiuedn

Tunszuaumsiifidudulasia i dusz@nimsnszano o) dumilFlunam
Urz@nimwrsanszuaumshildidudu D fo sasrdmvsmnududuvesmsazavvounad
Wudu (lavy) demlafiitons (adi) snitueanswidald Worunszanumsm Iidudu
Tﬂﬂ‘tf]maﬁﬂmm’fm’fquﬂqiﬂawhﬁ‘u 200 gL dudszninmsnsznvvesmsszneniuedn
SM3usEun i-omuea was-wseRadwlnanea iify 1.98 TuRaroeszuy uenvIng Hans
SmsidirunsomiRsnnumduszanims nsznofes nsaunadnLa nsABMIAT LN
ol Faaasliums1af 3.4 F9390520HaNMINARBIR AN AT AT YR T TiALA
amuudureansanoaanuaznsadasn luusaza fexi ¥ adulszaninsaszaeda

fulszAnimsnszaiudaveniaenieanazi-wsefiaduinanea (Dg,) UAUNIAY 4.89
ua 434 MUERY uazvenilenueaazi-wseRadninanea (Dg) UAUMIAY 3.52 waz 3.22
MUY

1390 3.14 anuuTuvsInTALfaanUazdaIInuazduls L ANINMINITLUAD

Concentration of Phase
Amount of GA Distribution
System of Volume compounds ratio
and EA (mg) coefTicient
Extraction (ml) (mg/ml) (From
GA EA GA EA GA EA Fig. 4.4)
Water-EtOH 0.073t  0.061%
10 0.73 0.61
(Original) 0.0028 0.0043
Water-EtOH 0072t  0.061%
7 0.51 0.43 4.89 3.52 1.94
(Top) 0.0058  0.0026
Water-EtOH 0.015+ 0.017%
3.6 0.05 0.06
(Bot) 0.0006 0.0014
Water-PG 0.066t  0.040%
10 0.66 0.40
(Original) 0.0037  0.0048
Water-PG 0.062+ 0.045%
6.95 043 0.31 4.34 3.22 1.85
(Top) 0.0027  0.0021
Water-PG 0.014f 0014t
3.75 0.05 0.05

(Bot) 0.0044  0.0056
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[=4 [] a a v o Y 9 9 by Yy 9
szruIlSuasudsnniunszuIums M A uduna anududu (mg/ml) vosnsauna
v v ]
Anaznsada1dnluavuszuuveniemusaiuneuszimiioufuiionls sufvufudloo1
Sudu anududuvesnsaunadnvesasalotnas vatazauumidy 0,073 wag 0.072 mg/ml
: ¥
muddy anududuveinsadardnvesasieduasNa VUMD 0.061 mg/ml luniaesa
y
dmsuszuih-wsenaau lnansannuiduduvesnsaunainanasnin 0.066 11w 0.062 mg/ml lu
o Y 9 a a a :3 9 <
Meauu luvnziannududuvesdadniudullseunmsovas 12.5 910 0.040 111U 0.045 mg/mt 1u
weauu udnmsilszaouAusinsrvihveiituduiulumauu anududuvesnsaunadnlume
I3 ¥ b4
vusimdm luszumi-enueauaziil-wisiaau lnanea wazuwidsIfnudua N uduveInIad
_ A £=Y g = _~ _~ L}
190 F99191AAUNINMSIHBUAMNYBINTAUNAANUAZATADA1IA TUsTH1aAT T uIUMS TN
Y o q ¥ Yy oy Y A vy A o o a a
Foulunszurunmsmltidfvudroiiaia FeldsunmstudulasmsdurnlSnuvesnsauenad
a a ar o :’ as = & =9 [
ALAZNIABAIINYAIINNT UM IR ududmiiea daaaslunisiadn 4.13 Fauaaaldiiun
t 4 ¥
SunaaveensaunadnuazieaadnanuraInInsuaumsm Ididuduysanaseszuudat
v
saviimanasdimsuszuui-en1Mea USinansaunaananadnin 0.73 1l 0.56 mg USinuves
v
A3ABA1NAAA31N 0.61 (11U 049 mg dmSuszuui-wseniadulnansadSurvesnsaunadn
:;’ a o a o
NIMuAaAaIIN 0.66 131 0.48 me LazUSinansada1dnananin 0.40 111 0.36 me
] =4 v s ar [ £y 9 o a & a
o1 15 ey windSnamsezanasdananmndedu fulsednimsnszasusensaunad
o a e e A ' ° :’ z 4 ar o
Auaznsasa1sndaliatgs Fuaasnnszuaumsilfidududinihmaiulidaoamlumsildms

a y 9 &
UANUIYIUUIU

3.2.5 Antioxidant activity

o q Y Y Y = a IR Yy v o a
nmsi Iduduvesasdsznouuodnsiu Lsmm15nmu"lmm’nmﬂlmnuﬂlmﬂuaa

v ¥
1 a8

b 4 b 4 .
nsmvoImsafandeiiunszuaumsi idududsihmaduiisunudu (UM 3.9 @rsada
WuduSagmirla3an Antioxidant activity uazifSsuiivufuasafaisuAu Antioxidant activity Y04

b 4
msafafiusnnanumsavesasadalumsfudieyyadase ABTS uazuaaslujives

percent inhibition (%PI) Llag ?hIC50

3.2.5.1 Percent Inhibition

v
=)

Percent Inhibition (%IP) LAAIAMLAINIINVBINSAFANUDANT ]9 1ANAYDA T.chebula i
UTRmilousadudseyyadasy ABTS %'auawmmsﬁugmwaaas:fff‘hmm"lﬁmn [1-(A/A)] x
100 (o A, foA1n1sgAnduvesaIsdIBdIeUnz A, foA1n1saAniuYes ABTS S198e Taviadn
dnandmiudasidaulaodsias m vesmsadade ABTS finndull misasailsuasiny

¥ ¥

> ' v v H
Hldnnmsadad 1dsnmsafananznangavesszuuih—enuea h-nsefadulnanea uay
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o v 4wy w ' o gV Y ¥ oy 3 = y ¥ Y
W wazesafiai landindunszuammsi ddududinihmananududuveng Tnmirdy
200 g/L
v v b4 b 4
171 3.10 uarma %P1 voaas i ldonarsasadioszunii h-enuea uazmsadadudu
b4 '
vouir-nsenadu lnanea NoasiauTavlSuasvesssanauay ABTS 0.025:2, 0.025:5, 0.025:10
uaz 0.25:15 Moedrvesnsiuaasldmuiiiyasasidulasdsuiasvesaisadauay ABTS M3
] b 4 ] l ) ] b4 b4
afaduduvosi Ideimit-leniueald %P1 WnahgalienSsufouduarsadai ldon -
~asu] A4 o oy 7 Vit e q VY 9 Awly;’ﬁ A4 e o 3
wsoNadulnanea uaziadadioiilaghiimsilddudu wadnIdiumiieududuszumi-
v ¥
wyonaau Inanea U7 3.9 uaas %P1 vesmsadalmi-wseRadulnansauazasasaduduvos
b4 b 4 ¥ 1
W-wsenaau lnansandwiunszurumsh ddududinhmanSsuisudumsadadani iyn

'Y \ a =] ' o v oy sy
gas1dnveImIsanads ABTS Tavszmudiasadaiiduduuansn percent inhibition ¥030YyYa

daszgaiiga
90.00
0 Water
80.00
[J Water-E«OH
70.00 .
M Water-EtOH (Top phase)
60.00 -
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Solvent extraction, ultrasound assisted extraction (UAE), and
microwave assisted extraction (MAE) were examined for the
extraction of astaxanthin from Haematococcus pluvialis. In all
cases, acetone was found to give the highest astaxanthin recovery
compared with other selected solvents, i.e.,, methanol, ethanol, and
acetonitrile. Among the various methods, MAE at 75°C for Smin
resulted in the highest astaxanthin recovery (74 +4%).

Keywords accelerated extraction; conventional extraction
method; microwave-assisted; ultrasound-assisted

INTRODUCTION

Astaxanthin (3,3'-dihydroxy-$,5-carotene-4,4’-dione) is
a highly efficient antioxidant (1) and displays anti-cancer
properties. This carotenoid plays vital roles in immune
system enhancement and in fighting off tissue damage
and cardiovascular diseases (2, 3, 4, and 5). Astaxanthin
is naturally produced by various microorganisms and
microalgae species, an important example of which is the
unicellular microalga Haematococcus pluvialis, which pro-
duces 0.5-5.0% dry weight of astaxanthin. The thick cell
wall of H. pluvialis makes astaxanthin extraction difficult.
For this reason, various extraction techniques have been
proposed, including solvent extraction (6), enzyme-assisted
solvent extraction (7), extraction with vegetable oils (8),
pressurized fluid extraction (9), and supercritical fluid
extraction (10, 11, 12, 13, 14, and 15).

Recently, accelerated techniques, such as ultrasound- -

assisted extraction (UAE) and microwave-assisted extrac-
tion (MAE) have gained considerable interest for the
extraction of bioactive substances from plants and micro-
organisms (16,17). These methods offer many advantages,
such as short extraction times, reduced solvent usage, and
higher extraction yield. In UAE, as ultrasound passes
through a solvent, the expansion cycle of the ultrasonic
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waves creates cavities. These micro-bubbles grow during
the expansion cycles and contract during each compression
cycle. The increase in pressure and temperature caused by
the localized compression leads to the collapse of the bub-
bles, resulting in enhanced mass transfer and consequent
disruption of algal cell walls (18). By contrast, MAE
promotes rapid heating and pressure buildup within the
sample tissue due to the rotation of the solvent’s molecular
dipole in the microwave field. As a result, transfer of
biological compounds from the cells into the extraction
medium is accelerated. Although optimization of MAE
for H. pluvialis has been carried out and shown to be
more effective than conventional extraction methods
(19), a detailed comparison of MAE, UAE, and other
conventional methods requires additional investigation.
This study sought to determine suitable conditions (time,
temperature, and solvent type) for UAE and MAE of
astaxanthin from H. pluvialis. The extraction efficiencies
at these conditions were then compared with each other
and with those offered by conventional extraction techni-
ques (maceration and Soxhlet extraction).

MATERIALS AND METHODS
Materials

Red dried samples of feed grade Haematococcus pluvialis
were purchased from Cyanotech Corporation, Hawaii
Ocean, Science and Technology Park, USA (supported
by Professor Motonobu Goto, Kumamoto University,
Japan). The samples were stored in a dry, tight aluminum
pack at 5°C to prevent degradation. Analytical grade sol-
vents (for astaxanthin extraction) i.e., methanol, ethanol,
acetone, and acetonitrile and HPLC grade methanol were
all purchased from Fisher Scientific. Calibration curves of
astaxanthin in various types of solvent were provided from
a standard compound of >92% purity purchased from
Sigma-Aldrich, USA.

Methods
For each extraction method (maceration, Soxhlet
extraction, UAE, and MAE), trials were first carried out



EXTRACTION OF ASTAXANTHIN FROM HAEMATOCOCCUS PLUVIALIS 65

TABLE 1
Experimental variables and ranges studied
Methods Temperature (°C) Time (min)
Maceration 30, 45, and 60 0, 5, 15, 30, 45,
60, 75, and 90
Soxhlet Boiling point 240
of solvent
Ultrasonic 30, 45, and 60 0, 5, 15, 30, 45,
60, 75, and 90
Microwave 30, 45, 60, 0, 5, 15, 30,
75, and 78 45, and 60

to investigate the extraction potential of, in turn, methanol,
ethanol, acetonitrile, and acetone, solvents chosen on
account of their polarity relative to astaxanthin. The most
suitable solvent was then used in subsequent determination
of the optimal extraction conditions, by varying tempera-
ture and reaction time as summarized in Table 1. All
experiments were performed in triplicate and the standard
errors are presented for all data.

Maceration

For maceration, Haematococcus pluvialis powder was
extracted in a 125 ml flask at 30-60°C. A sample-to-solvent
ratio of 0.1 g algae powder to 10 ml of organic solvent was
used, since our preliminary results had shown this ratio to
be optimal (data not show). Each extraction was carried
out for 0-90min. The extract mixure was then passed
through a 0.45pm pore size polyethylene terephthalate
(PET) syringe filter (Whatman, USA) and the astaxanthin
content of the filtrate was determined by High Performance
Liquid Chromatography (HPLC).

Soxhlet Extraction

Soxhlet extractions were also carried out to compare
possible recovery of astaxanthin in a continuous solvent
extraction system. To this end, 0.5g of the algae sample
was placed in a thimble cartridge which was connected
to a 500ml round-bottom flask containing 150ml of
solvent. The flask was placed in a heater pocket (Electro
mantle, USA) and extracted for 4h. The solution was
then passed through a 0.45um pore size PET syringe
filter (Whatman, USA) and the filtrate was subsequently
analyzed by HPLC,

UAE

The ultrasonic bath (275DAE, 270 W, Crest Ultrasonics,
USA) was a rectangular container (23.5cm x 13.3cm x
10.2cm), featuring two 38.5kHz transducers annealed at
the bottom. The extraction of algae was conducted by add-
ing alga (0.1g) in a 30ml amber glass bottle of solvent
(10ml). The bottle was immersed in tap water (2.2L) and

positioned at the center of the ultrasonic bath, 5cm clear
of its base. Extraction runs were performed at various
temperatures between 30 and 60°C for 0-90 min (Table 1).
After extraction, the solution was filtered through a
0.45um pore size PET syringe filter (Whatman, USA)
and the filtrate then analyzed by HPLC for the astaxanthin
content.

MAE

The extraction was performed on 12 x 100ml closed
polyetheretherketone (PEEK) vessels covered with special
TFM® sleeves, a power sensor, a temperature sensor,
and a temperature controller of MARS §™ (1200W,
2450 MHz), microwave accelerated reaction system from
CEM Corp. (Mathews, NC, USA). The extraction was
conducted by adding algae (0.1 g) to each of the six vessels
containing the extraction solvent (10 ml). The vessels were
closed and then placed symmetrically in the microwave
field. In all MAE experiments, 60% of 1200 W power
output was used and the ramping time was 2min. The
experimental conditions (irradiation time and temperature)
are listed in Table 1. After each extraction, the solution was
filtered through a 0.45um pore size PET syringe filter
(Whatman, USA) and the filtrate analyzed by HPLC for
astaxanthin content.

Analysis of Astaxanthin

The extracts were analyzed by HPLC (Venisep GES CI8
4,6 x 150mm, Sum HPLC column) at 475nm using a
methanol-water (95:5v/v) mobile phase at a flow rate of
I ml/min. Astaxanthin concentration of samples was
determined by the peak area based on our calibration using
an astaxanthin standard. As the basis for the determination
of extraction efficiency, the total amount of astaxanthin
in H. pluvialis was determined from the amounts of
astaxanthin repeatedly extracted by MAE in acetone at
the condition giving the highest % recovery. The percent-
age recovery of astaxanthin was defined as the ratio
between the amount of astaxanthin extracted and the total
amount of astaxanthin in the alga according to Eq. 1.

% Recove astaxanthin from the extraction
0 = . -
v total astaxanthin in the alga

x 100 (1)

RESULTS AND DISCUSSION
Effect of Solvent Types

Acetone gave the highest astaxanthin recovery for all
extraction methods (Fig. 1). It should be noted that the
ranges of extraction conditions selected for the study
were not the same for all extraction methods since each
method differs in nature and thus the operation limits.
The discussion of the results was therefore given first
for each extraction method. The results obtained at the
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18.40W, and (d) MAE at 75°C, Smin, power 720W.

most suitable condition for each method were then
compared.

Maceration

The determination of the suitable solvent for maceration
was conducted at 30°C for 30 min. As shown in Fig. 1(a),
acetone resulted in the highest astaxanthin recovery,
(44 £ 1%), followed by methanol (18+5%), ethanol
(17 £5%), and acetonitrile (9 =+ 1%). Of all the solvents
studied, acetone has the lowest polarity, indicated by the
dielectric constant (Table 2), making it the most appropri-
ate solvent to dissolve the fat soluble molecules like astax-
anthin. Moreover, the structure of astaxanthin is most
similar to that of acetone, in as much as both feature
carbonyl groups.

TABLE 2
Properties of solvents used for extraction
Dielectric ~ Surface Vapor

Type of constant tension  pressure  Viscosity
solvents (&) (mN/cm) (mmHg) (cP)
Methanol 32.6 22.6 127.05 0.6
Ethanol 24.6 23.7 59.02 1.2
Acetonitrile 37.5 19.1 88.47 0.38
Acetone 20.7 23.7 229.52 0.32

Data from (20).
Determined at 20°C.

Effect of solvent type on astaxanthin extraction (a) maceration at 30°C, 30min, (b) Soxhlet extraction for 4 h, (¢) UAE at 45°C, 60 min,

Soxhlet Extraction

Soxhlet extraction in acetone gave as high as 70+ 2%
astaxanthin recovery (Fig. 1(b)), compared with only
44 4+ 1% obtained by 30min maceration at 30°C. The
increased extraction efficiency was expected since Soxhlet
extraction provides the algae continual contact with the
fresh solvent. Nevertheless, none of the other solvents
showed similar improvement in the astaxanthin recovery.
Since Soxhlet extractions must be done at the solvent
boiling temperatures (56.5, 64.7, 78.5, and 81.6°C for
acetone, methanol, ethanol, and acetonitrile respectively),
possible thermal degradation of the astaxanthin in higher
boiling point solvents could account for these unimproved
recoveries.

UAE

The results in Fig. 1(c) show the effects of extraction
solvents on astaxanthin recovery for UAE carried out at
18.40 watt at 45°C and 60 min. The highest % astaxanthin
recovery (73 +3%) was again obtained with acetone. It
should be noted that, in UAE, acoustic cavitation is an
important phenomenon that is responsible for enhanced
extraction recovery other than the solvent polarity. The
degree of ultrasonic cavitation depends on various thermo-
dynamic properties of the solvent. In solvents with low
vapor pressures, bubble collapses tend to be strong,
facilitating the disruption of algal cells and the release of
astaxanthin. However, the localized severe high tempera-
tures and pressures could prompt compound degradation
and thus have the opposite effect. Less severe bubble
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collapses in high vapor pressure solvents like acetone or
methanol, by contrast, should therefore lead to minimal
product degradation. This could explain the high % astax-
anthin recovery obtained by UAE when using acetone.
Methanol, which also has relatively high vapor pressure,
was also observed to give rather high recovery (compared
with ethanol) despite the greater differences in polarities
and molecular structures between this solvent and the
astaxanthin. These results suggest that, in UAE, acoustic
cavitation significantly influences the extraction efficiency
of the solvents.

Another solvent property generally known to affect the
extraction recovery in UAE is surface tension. Specifically,
bubble cavitation occurs more readily in solvents with
higher surface tension (20). In this study however, the effect
of solvent surface tension was deemed negligible since the
surface tensions of the selected solvents did not differ con-
siderably (Table 2).

MAE

To determine the effect of the solvent type on MAE, the
experiments were carried out at 75°C for Smin. The extrac-
tion recoveries obtained with MAE followed the same
order as the data obtained with maceration, that is, acetone
(74 £ 4%) > methanol (38 £2%) > ethanol (14 +4%) >
acetonitrile (13 +£2%). Nevertheless, the degree of
enhancement of astaxanthin recovery in methanol and
acetone was higher than the other solvents. In general,
MAE enhances the extraction capability of solvents
because the electromagnetic field causes rapid heating of
the solvent, the rate of which depends on a parameter
called the dissipation factor (tan §), defined as follows.

!
tand = ’ (2)
where ¢ is the dielectric constant or relative permittivity
and &” is the dielectric loss factor. ¢ describes the polariz-
ability of the solvent molecule in an electric field, a measure
of the ability of the solvent to store electromagnetic radi-
ation. ¢’ is a measure of the efficiency by which the
absorbed microwave energy is converted into heat when
an electric field is applied. From this definition, the dissi-
pation factor (tan d) therefore represents the ability of the
solvent to absorb the microwave energy and dissipate that
energy into heat. The rate of heating under microwave
irradiation is generally expected to be high if both the
dielectric constant and dissipation factor of the solvent
are high. It is likely, therefore, that the enhanced astax-
anthin recoveries observed using acetone and methanol
under microwave irradiation were due to the relatively high
¢ and tan 8 values of these solvents (20) (Table 3). By com-
parison, ethanol and acetronitrile are characterized by low
dielectric loss factors, which explain their poorer ability to

TABLE 3
Properties of solvents used for MAE
Type of solvents ¢ (F/m) ¢ tan &
Methanol 32.6 15.2 0.5032
Ethanol 243 6.1 0.2564
Acetonitrile 37.5 2.3 0.0614
Acetone 20.7 11.5 0.6207

Data from (20).
“Determined at 20°C.
At 2450 MHz.

dissipate the absorbed microwave energy into heat, thus
lower the astaxanthin recovery.

In short, since acetone consistently gave the highest
astaxanthin recovery, it was chosen for subsequent optimi-
zation studies.

Suitable Extraction Conditions
Maceration

The effects of time and temperature on extraction
efficiency (Fig. 2) indicate that for all extraction tempera-
tures the astaxanthin recovery was rapid and essentially
complete after Smin. It is likely that the high initial astax-
anthin extraction rate was due to the high concentration
gradient of astaxanthin mass transfer between inside and
outside the algal cell. Beyond this time, the rate of further
astaxanthin extraction appears to drop markedly. The
highest astaxanthin recovery (57 - 4%) was obtained after
15min at 45°C, whereas lower recoveries were observed
beyond 60min at 60°C. Higher extraction temperatures
should increase astaxanthin solubility and decrease solvent
viscosity, thereby increasing the astaxanthin recovery.
However, prolonged exposure to high temperatures could
also lead to compound degradation, accounting for our
observed drop in astaxanthin levels,

UAE

For UAE, all extraction temperatures showed rapid
astaxanthin recovery (up to 41 +2%) within the first
Smin, and thereafter, between S to 30 min, increasing only
gradually (Fig. 3). It should be noted that, despite the cavi-
tation effect of UAE, astaxanthin recovery did not increase
significantly, compared with maceration, for the first
30 min. This could be due to the fact that ultrasonic cavi-
tation gives rise to localized hot spots that destroy astax-
anthin molecules (21,22). After 30min, however, the
extraction recovery increased again until 60 min to around
70 +2%. Following this maximum, the astaxanthin level
finally dropped as the extraction time approached 90 min.
The maximum astaxanthin recovery for UAE was found
at the extraction temperature of 45°C and 60 min,
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FIG. 2. Effect of time and temperature on astaxanthin recovery by maceration.

MAE

In a closed, microwave-irradiated system, astaxanthin
recovery was seen to increase instantly in the first 5Smin
at all extraction temperatures (Fig. 4). For extraction tem-
peratures of 30, 45, and 60°C, astaxanthin recovery
remained relatively constant over time, whereas for extrac-
tion temperatures of 70 and 75°C, the highest % astax-
anthin recovery was again reached at 5min, immediately
dropping thereafter. The highest recovery (74 £4%)
was obtained with MAE at 75°C after 5min. The increase
in temperature to 78°C did not further increase the

astaxanthin recovery, possibly due to its structural
decomposition of astaxanthin, i.e, via the conversion from
(all-E)-astaxanthin to (13Z)-astaxanthin (21).

Comparison of Extraction Methods

The % astaxanthin recovery obtained by different meth-
ods at the most suitable conditions are summarized in
Table 4. The highest % astaxanthin recovery (74 +4%)
was obtained by Smin MAE at 75°C, followed by UAE
at 45°C (73+3%). The closed system used for MAE
allowed high extraction temperature (above the boiling
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FIG. 4. Effect of time and temperature on astaxanthin recovery by MAE (power 720 W).

point of acetone), and because of rapid heating caused by
microwave irradiation, shorter extraction time is required.
Brief extraction times are considered favorable since
they are expected to minimize compound degradation.
Although comparable astaxanthin recovery could be
achieved with UAE, it required much longer extraction
time (60 min). When compared with the extraction recov-
eries by other nonconventional methods such as supercriti-
cal carbon dioxide extraction (60-83%) (11,13,14), MAE
achieves equally impressive recoveries but in a much
shorter extraction time. Despite an enhanced recovery,
careful considerations must be made when employing
MAE and UAE as compound degradation can easily
occur. The results on the astaxanthin yield as well as the
possible degradation observed in this study nevertheless
are in good agreement with the detailed optimization study
of MAE reported by Zhao et al. (2009), thus supporting the
potential use of MAE for astaxanthin recovery from
H. pluvialis (19).

TABLE 4
Comparison of astaxanthin recoveries obtained with
various extraction methods

Temperature Time % astaxanthin
Methods O (min) recovery
Maceration 45 15 57+4
Soxhiet 56.5 240 70+£2
UAE 45 60 7343
MAE 75 5 74+4

CONCLUSIONS

For all extraction methods, acetone was found to give
the best astaxanthin recovery. The use of UAE and MAE
considerably enhances astaxanthin recovery though there
are limits to the conditions in which each of these methods
can be employed. MAE at 75°C, using acetone as the
extraction solvent, was found to give the highest astax-
anthin recovery in a relatively short time. The results of this
study suggest therefore that MAE features great potential
for the extraction of valuable compounds from H. pluvialis
microalgae.
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1. Introduction

Terminalia chebula Retzius is a plant widely distributed in trop-
ical areas of the world. The fruits of T. chebula, commonly known
as black Myroblans [1], and have traditionally been used to pro-
duce medicines in the treatment of asthma, sore throats, vomiting,
hiccoughing, diarrhoea, bleeding piles, gout and heart and bladder
diseases [2]. They have been reported to have high content of phe-
nolic compounds, the major ones being gallic acid (GA) and ellagic
acid (EA), which possess strong antioxidant, anticancer, antimicro-
bial, and anti-inflammatory activities [3].

Extraction of phenolic compounds from T. chebula fruits is gen-
erally carried out using various types of organic solvents such as
95% ethyl acetate [4], hot water [5], 70% methanol [6], and 95%
ethanol [7]. Recently, a number of studies employed subcritical
water whose temperature is between normal boiling point (100 °C)
and critical temperature (347 °C) and pressure is high enough to
maintain the liquid state, for extraction of various organic com-
pounds from plants and natural materials[8,9]. By increasing water
temperature, water polarity decreases, allowing plant organic com-
pounds to become more soluble in water. Although our recent
study on subcritical water extraction (SWE) of phenolic compounds

* Corresponding author. Tel.: +66 2 218 6868; fax: +66 2 218 6877.
E-mail address: artiwan.sh@chula.ac.th (A. Shotipruk).

1383-5866/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.seppur.2011.01.002

from dried ripe fruits of T. chebula Retz demonstrated the increase
in the yield of phenolic compounds with increasing temperature
up to 180°C {3], the compound degradation rapidly occurred as a
result of high temperature. To improve extraction efficiency, enzy-
matic hydrolysis and microwave-assisted enzymatic hydrolysis in
hot pressurized fluid extraction process has recently been applied
[10,11].

As an alternative to the above extraction processes,
water-cosolvent systems have been investigated for use in the
extraction of various plant compounds [12-15]. Kiathevest [15]
demonstrated that the use of the solution of water and a non-ionic
surfactant could significantly reduce the temperature of extraction
for damnacanthal from Morinda citrifolia. In water-cosolvent
systems, the solubility of organic compounds can be improved
by varying the composition of the cosolvent, thus extraction can
be carried out at lower temperatures compared with SWE. Other
examples of water-cosolvent systems include water-EtOH or
hydroalcoholic mixtures, and of comparable interest, mixtures
of water-propylene glycol (PG). Water-EtOH system has been
investigated widely for extraction of various phytochemicals from
medicinal plants [14,16]. Water-PG system on the other hand has
not been investigated for its role in enhancing extraction efficiency
of natural compounds, despite its well known pharmaceutical
applications including enhancement of the water solubility of
lipophilic drug such as valdecoxib and paracetamol and as a
preservative in medicine and food ingredients. Furthermore, PG is
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Table 1

Levels of actual and coded factors.
Actual/coded variables X

-173 -1 0 1 1.73

Temperature (°C) 29 40 55 70 81
EtOH concentration (%, v{v) 0 17 40 63 80
PG concentration (%, v/v) 13 20 30 40 47
Extraction time (min) 19 30 45 60 71

generally recognized as safe (GRAS) chemical by the U.S. Food and
Drug Administration (FDA), and aqueous systems of PG as high as
40% are regarded as nontoxic for human consumption [17,18].

As the further step of product isolation, concentration of the
water-EtOH and water-PG extracts of T. chebula was investigated
in this study. Aqueous two phase concentration, namely salting
out concentration, using short chain alcohol/salt systems such as
ethanol/K;HPO, or isopropanol/ammonium sulfate have recently
been investigated to concentrate organic synthetic and natural
compounds [19-20]. This technique offers several advantages as
it is convenient, economical, and it requires low energy. However,
since salting out takes place at high concentration of salt, some
unwanted chemical reactions could occur. In a recently published
study, monosaccharide or diasaccharide such as glucose and xylose
were shown to enable the separation of acetronitrile and water
which are normally miscible in any proportion otherwise, via a
process called sugaring out effect {21].

In this study, the feasibility of employing sugaring-out concen-
tration for the separation of biomolecules from plant extract was
investigated for the first time. Initially, the extraction of pheno-
lic compounds from the fruits of T. chebula using water-EtOH and
water-PG mixtures was investigated. Central composite design
(CCD)was employed to provide the experimental data on the yields
of total phenolics. The response surface methodology (RSM) was
applied to determine the optimal set of experimental extraction
conditions: concentration of EtOH and PG in the solvent mixtures,
extraction temperature and extraction time. Furthermore, the con-
tents of specific phenolic compounds: gallic acid (GA) and elagic
acid (EA) extracted with both systems were evaluated. As for the
investigation of the feasibility of sugaring-out concentration, the
T. chebula water-EtOH and water-PG extracts that gave the high-
est contents of total phenolics were used. The suitable amounts of
sugar to obtain proper phase separation and product concentration
were determined. In addition, the antioxidant activities of the orig-
inal and the concentrated extracts in both solvent systems were
compared.

2. Experimental
2.1. Materials and chemicals

The dried ripe fruits of T. chebula were obtained from Chu-
labhorn Research Institute (Bangkok, Thailand). The GA and EA
standards and Folin-Ciocalteau reagent were purchased from
Sigma-Aldrich Chemicals (Missouri, USA). Water used in the exper-
iments was distilled and de-ionized water. EtOH, formic acid and
HPLC grade MeOH were purchased from Merck (Darmstadt, FR
Germany). PG was purchased from Namsian (Bangkok, Thailand).
Glucose was purchased from Ajax Finechem (NSW, Australia).

2.2. Extraction of total phenolics from T. chebula

Dried fruits of T. chebula were powdered in a blender. The pow-
dered sample was sieved through a screen (mesh size of 500 uM).

For extraction, one gram of powdered sample was suspended in a 2
necked round bottom flask with a thermometer and areflux column
connected to it. The flask was filled with 150 mL of an extraction
solvent: water-EtOH or water-PG. Extractions were carried out
according to the CCD spherical design to be described, to determine
the effect of temperature, concentration of organic solventand time
on the yield of total phenolics. After each extraction, the sample
residue was separated from the extracts by filtering through a fil-
ter paper (Whatman No. 1, Whatman, USA). The resulting extracts
were analyzed for total phenolic content by using a spectropho-
tometer. The concentrations of GA and EA in some selected extracts
were also determined by using HPLC.

2.3. Design of extraction experiment

Optimization of conditions for extraction of total phenolics from
T. chebula extracts with water-EtOH and water-PG solvent sys-
tems was carried out using a spherical central composite design
(Spherical CCD). Three independent variables were chosen: tem-
perature (X; ), concentration (X3 ) and time (X3). The levels of factor
were designed by « =~/k, where k is the number of variables
(k=3). This design puts all the factorial and axial design points
on the surface of a sphere of radius ~k. The low, middle and
high levels of each variable were designated —1.73, 0 and +1.73,
respectively. The corresponding actual values for each variable
are listed in Table 1. It should be noted that the range of tem-
peratures selected was between the room temperature and the
maximum possible temperature of the solvent mixtures used for
extraction. The range of EtOH concentration was selected based
on the preliminary data which indicated that the selected range
cover the optimal concentration for extraction of total phenolics.
The range of PG concentration was within the limit of PG concen-
tration normally used in pharmaceutical application. Finally, the
extraction times for this study were in the suitable range based
on the preliminary extraction results. The spherical CCD including
the factors, their levels, and the results from each test are shown in
Table 2. The correlation between the independent variables and the
response was described by the following second-order polynomial
model (Eq. (1)).

3 3
Y =P8+ Z.BI'XI + Z,Biixiz +
i=1 i=1

where Y=response, X;=coded variables of input variables,
Bo = interception, Bj; = regression coefficient and Bj; = cross-product
coefficient. The analysis of the central composite experimental
design was carried out using SPSS 16.0 statistical package. The
optimal extraction conditions for both water-EtOH and water-PG
systems can be calculated from the following equation:

B_Y
aX; o
Xk

(1)

3 3
DD BuXXy i#]

i=1 j=1

0, wherei=1,2,3;j

=1,2,3, k=1,2,3: i#j+k (2)
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Table 2
Spherical CCD experimental results for extraction yields of total phenolic compounds.
Run Xy X X3 Ywater-EtoH Ywater-pG
(mg GAE/gDW) (mg GAE/gDW)
1 -1 -1 -1 179.41 165.96
2 1 -1 -1 177.34 177.62
3 -1 1 -1 177.01 176.97
4 1 1 -1 184.89 171.49
5 -1 -1 1 158.86 157.00
6 1 -1 1 162.97 168.53
7 -1 1 1 174.59 177.58
8 1 1 1 218.40 : 205.64
9 -1.73 0 0 162.36 142.38
10 1.73 0 0 173.08 167.62
11 0 -1.73 0 128.67 175.47
12 0 173 0 187.26 188.39
13 0 0 -1.73 197.37 186.80
14 0 0 173 176.53 165.30
15 0 0 0 205.74 174.65
16 0 0 0 200.09 176.13
17 0 0 0 201.32 175.97

2.4. Sugaring-out concentration of T. chebula extracts

10 mL of extract from the water-EtOH and water-PG solutions
- where the conditions used gave the highest total phenolics -
were charged into a test tube. Glucose was added into the extracts,
and the mixture was then heated on a heating plate (without stir-
ring) until all added glucose dissolved completely. At the point in
which sugar dissolved, phase separation was observed. The effects
of the glucose concentrations (50, 100, 150,200, and 250 g/L) on the
efficiencies of phase separation were determined for both solvent
systems.

The efficiency of phase separation was evaluated in terms of
phase ratio (R) according to Eq. (3).

Viop

R Vbo(tom (3)
where Viop and Vygyom are the volumes of the top and the bottom
phase, respectively. The glucose concentration giving the highest
phase separation was then selected for subsequent study in which
the efficiencies of product concentrations were evaluated. The con-
centrations of the total phenolics, GA and EA in each phase were
analyzed using HPLC. Two parameters that determine the efficiency
of the concentration process include compound distribution coef-
ficient and enriched factor.

The distribution coefficients (D;) of compound i (total phenolic,
EA or GA) for both water-EtOH and water-PG solvent systems were
determined from Eq. (4).

D, = tomt_

i =
Cbouom,i

(4)

where Cyop; and Cporom,i are the concentrations of compound i in
the top and the bottom phases, respectively.

The enriched factor (E;) was defined as the ratio of the com-
pound i concentration in the top phase, Cyop ;. to the concentration
of the compound in the original sample, Cyriginai» according to the
following equation.

Clop‘i

Ei Cinitial, 1 )

It should be noted that in order to calculate the distribution coef-
ficients and the enriched factors of total phenolics and GA and EA
according to Egs. (4) and (5), the concentrations of total phenolic
content, GA and EA of the original extracts and those of the two
phases separated as a result of sugaring-out concentration must be
known.

2.5. Analysis of total phenolic content

The determinations of the total phenolic content in the
original extract and in each of the two separated phases sub-
sequent to sugaring-out concentration were carried out using
Folin-Ciocalteau method modified from that described in previ-
ous study [22]. Initially, 0.1 mL of the extracts from water-EtOH
and water-PG extractions were dissolved in distilled water 2.8 mL.
Each mixture was added with 2 mL of 2% aqueous sodium carbonate
solution. After 3 min, 0.1 mL of 50% Folin—-Ciocalteau reagent was
added to the mixtures and left at room temperature for 30 min,
after which the absorbance was measured at 750 nm using dis-
tilled water as a reference. The concentration of total phenolics was
determined based on our calibration using gallic acid standard.

2.6. HPLC analysis of GA and EA

The analyses of GA and EA in the original extract and in
each of the two phases subsequent to sugaring-out concentra-
tion were performed using a reversed phase HPLC with UV
detection at 270nm. 10 pL of sample was injected to a column
(250mm x 4.6 mm Phenomenex-Luna-C18), whose temperature
was maintained at 25°C. The sample was eluted using a gradient
system of mobile phase, 0.1% formic acid (solvent A): methanol
(solvent B), at a flow rate of 1 mL/min, starting with 4% of solvent B
at 0 min, and was changed to 80% of solvent B in 27 min, with the
total run time of 30 min. The chromatogram in Fig. 1 shows that the
retention times of GA and EA were 12.0 and 24.8 min, respectively.

2.7. Determination of antioxidant activity

Antioxidant activity of the ariginal water-EtOH and water-PG
extracts and the concentrated extract in the top phase were
measured in terms of percentage radicals inhibition (¥PI) using
ABTS method modified from that described by Re et al. [23]. The
extract was added into ABTS** solution (aqueous soltution of 7 mM
ABTS and 2.45mM potassium persulfate having absorbance of
0.70 +0.02 at 734 nm) at the volume ratio of 1:200 (sample solu-
tion:ABTS solution). The solutions were then mixed using a vortex
and the mixtures were incubated in the dark at room temperature
for 10 min, after which the absorbance was measured at 734nm
using distilled water as a reference. The value of percent inhibition
(PI) was calculated using the following equation:

PI(%) = [(1 —%)] « 100 (6)

r
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Fig. 1. HPLC chromatograms of (a) T. chebula extract (b) standard compounds: GA (1) and EA (2).

Ar and A, are absorbances of test sample and ABTS reference,
respectively. In addition to PI, the concentration of sample produc-
ing 50% reduction of the radial absorbance (1C5¢) was also used as
an antioxidative index, for the purpose of comparing the antiox-
idant activities of various extracts. To find this value, the extract
was diluted in series in distilled water and each diluted extract was
added into the ABTS** solution, prepared as previously described,
at the volume ratio of 1:10 (sample solution:ABTS solution). The PI
values were determined for the series of diluted extracts and were
plotted against sample concentrations, and linear regression of the
data were made and used to determine the value of ICsq.

3. Results and discussion
3.1. Extraction of T. chebula

3.1.1. Analysis of variance (ANOVA) and estimation of regression
coefficient

The spherical CCD experimental design was used to evaluate
the main and the interaction effects on the extraction of total
phenolics (response Y) from T. chebula. The yields of the total phe-
nolics extracted with water-EtOH and water-PG are summarized
in Table 2. From these results, the analysis of variance (ANOVA)
was conducted using SPSS 16.0 program to determine the factors
that have significant effects on phenolics yields at 95% confidence
(sig.<0.05). The results are summarized in Tables 3 and 4 for
water-EtOH and water-PG extractions, respectively.

From the ANOVA analysis of water-EtOH system (Table 3), the
main effect of all factors, temperature (X;), concentration (X;) and
time (X3), and all pair-wise interactions of the factors were sig-
nificant to the amount of total phenolics extracted. On the other

hand, for extraction with water-PG, the ANOVA analysis (Table 4)
indicated that the main effects of all three factors, the pair-wise
interactions between temperature and time and concentration and
time, as well as the interactions of all three factors were significant
to the yield of the total phenolics (Y) from T. chebula fruits.

The experimental data in Table 2 were fitted with quadratic
models described by Eqgs. (7) and (8), for phenolics extraction from
water-EtOH and water-PG systems, respectively. The results of the
response surface model fitting in the form of ANOVA are shown in
Table 5. The ANOVA of the quadratic regression models demon-
strated the models to be significant with low probability (p=0.008
and 0.048 for water-EtOH and water-PG systems, respectively).
The predicted versus observed values of the total phenolic yields for
both systems indicated good agreement between the polynomial
regression model and the experimental data, with the coefficient
of determination of 0.901 for Yyater-rroy and 0.828 for Yyater-pG.
respectively.

Ywater—EtoH = 202.36 +5.167X; + 12.703X; — 2.851X3
+6.206X,X2 + 5.264X1X3 + 8.251X, X3 — 9.975(X; )?
—13.234(X;)? — 3.55(X3 )? (7)

Ywater—pc = 175.574 + 6.395X; + 6.071X5 — 1.465X3 ~ 0.077X; X,
+4.177X:1X3 + 6.602X2X3 — 6.089(X1 )% + 2.909(X5)>
+0.946(X3 ) (8)

The significance of each regression coefficient was determined
by statistical analysis using t-test and p-values. The analyses indi-
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Table 3
ANOVA of spherical CCD of the yields of total phenolic compounds for water-EtOH extraction ( Ywaer-won )-
Source Sum of squares df Mean square F Sig.
Corrected model 7142.080 14 510.149 57.879 0.017
Intercept 303,022.492 1 303,022,492 34,379.272 0.000
Xi 1860.177 3 620,059 70.349 0.014
Xz 4811.742 3 1603.914 181.971 0.005
X3 504.776 3 168.259 19.090 0.050
X1 x X2 308.099 1 308.099 34955 0.027
XixX3 221.648 1 221.648 25.147 0.038
Xo x X3 544.692 1 544.692 61.798 0.016
Xix X2 xX3 110.789 1 110.789 12.570 0.071
Error 17.628 2 8.814
Total 560,077.059 17
Table 4
ANOVA of spherical CCD of the yields of total phenolic compounds for water-PG extraction {Ywater-pc ).
Source Sum of squares df Mean square F Sig.
Corrected model 2921.504 14 208.679 318.297 0.003
Intercept 306,178.104 1 306,178.104 467,012.623 0.000
X1 1088.977 3 362.992 553.671 0.002
X2 621.000 3 207.000 315.737 0.003
X3 266.168 3 88.723 135.328 0.007
X1 x Xz 0.047 1 0.047 0.071 0814
Xix X3 139.595 1 139,595 212.924 0.005
Xax Xy 348.746 1 348,746 531.941 0.002
Xy x X2 x X3 141.800 1 141.800 216.288 0.005
Error 131 2 0.656
Total 516,053.467 17
Table 5
ANOVA for the quadratic models.
Mode! Sum of squares df Mean square F Sig.
Water-EtOH Regression 6453.797 9 717.089 7.111 0.008
- Residual 705911 7 100.844
Total 7159.708 16
Water-PG Regression 2420.200 9 268,911 3.745 0.048
Residual 502.587 7 71.798
Total 2922,787 16

cated that Xy, (Xq)? and (X;)? are significant model terms for
water-EtOH system and significant model terms for water-EtOH
while Xy, X; and (X;)? are significant mode] terms for water-PG
system (p <0.05).

3.1.2. Response surface plots and response optimization

Response surface methodology was used to determine the
optimal response for T. chebula extraction using EtOH-water
and PG-water systems. The three dimensional plots of predicted
responses based on the models Egs. (3) and (4) as a function of
the combination of two test variables with the other maintained
at its respective zero level are shown in Fig. 2. Each of these plots
allows the visualization of the significant factors derived from the
statistical analysis.

The optimal conditions giving the maximum response for
Ywater_eton calculated from Eq. (7) were X;=1.41 and X3 =0.158
and X3 =2.48, resulting in Yyarer-EcoH,max = 212.51 mg GAE/gDW). In
other words, the model predicted the highest phenolic content of
212.51 mg GAE/gDW, for extraction at the temperature of 76°C
with water-EtOH mixture at the concentration of water-EtOH
of 76.4%v/v for 82 min. On the other hand, the response surface
mode! (Eq. (8)) for water-PG extraction predicted the yield of
total phenolic content, Ywater_pg, of 178.64 mg GAE/gDW at the
optimal condition of X;=0.013, X,=0.63 and X3 =-1.48. These
conditions correspond to the temperature of 57°C, the concen-
tration of PG of 36% (v/v) and extraction time of 23 min. The
experiments were carried out to validate the model prediction.

At the above predicted optimal conditions, the total phenolic
content obtained with water-EtOH extraction was approximately
210.54 mg GAE/gDW, and for water-PG extraction, was approxi-
mately 180.21 mg GAE/gDW, respectively.

3.1.3. HPLC analysis of GA and EA

The extracts containing the highest total phenolic content
(218.40 and 205.64 mg GAE/gDW for water-EtOH and water-PG,
respectively) were analyzed for gallic acid and ellagic acid using
HPLC. The amounts of GA and EA in the extracts are summarized in
Table 6, which were compared with our previous results obtained
by SWE. It can be drawn from these results that the amounts of
GA obtained from water~EtOH and water-PG systems were higher
than that with SWE at 120°C. Although this yield was slightly
less than that of SWE at 180°C [3], the extraction temperature
can be reduced significantly to only 70°C. Similar observations
were observed for the yields of EA from water-EtOH and water-PG
extraction, which were higher than those obtained with SWE at all
temperatures.

3.2. Sugaring-out concentration

Because the optimal values of temperature, concentration and
time are difficult to operate in the actual extraction experiments, it
should therefore be noted that the sugaring out experiments were
carried out using the extracts from the water-EtOH and water-PG
solutions - where the conditions used gave the highest total phe-
nolics.
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Fig. 2. Response surfaces of total phenolic compounds yield for water-EtOH and water-PG extraction as a function of (a) temperature and concentration, (b) temperature
and time, and (c) concentration and time,

Table 6
GA and EA yields from T. chebula with water-EtOH extraction, water-PG extraction and SWE.
Extraction methods Temperature (¢C) Extraction time (min) Yield of total phenolic Component content (mg/gDW)
compounds (mg GAE/gDW)
GA EA
EtOH-Water 70 60 2184 11.0 £ 0.0 9.1+0.1
PG-Water 70 60 205.6 98 + 0.1 594+ 0.1
Subcritical water extraction’ 120 375 172.7 74 £05 24 £0.1
180 375 1162 147 £ 0.2 54+ 0.2
* Ref.[3].

3.2.1. Effect of glucose concentration on phase ratio
As shown in Fig. 3, glucose addition into T. chebula extracts
in water-EtOH or water-PG was found to give rise to the
separation of the mixtures into two phases. The top phase is
EtOH (or PG) rich phase, into which the phenolic compounds
are concentrated (as indicated by the dark color) and the bottom
is glucose rich aqueous phase. The phase separation by sugaring-
out concentration occurred as the added glucose formed relatively
strong hydrogen bonding with water, pushing away EtOH and PG
molecules into the top phase, while glucose which was dissolved
in water, remained in the bottom phase. The phase ratios (R) of

Table 7

Distribution coefficients and enriched factors of TP, GA and EA.

the extract for various glucose concentrations were determined
and plotted in Fig. 4. The decrease in R with increasing glucose
concentration indicated that as the amount of the added glucose
increased, more water was separated into the bottom phase. The
smallest phase ratios were achieved at 200g/L glucose concen-
tration, which were, 1.94 and 1.85 for water-EtOH and water-PG
systems, respectively. Additional glucose greater than 200 g/L did

not further decrease the phase ratios. The glucose concentration
of 200 g/L was therefore used for subsequent sugaring-out con-

centration experiments to determine the efficiency of phenolic
compounds concentration.

Extraction solvent Dy E

Total phenolic GA EA Total phenolic GA EA
Water-EtOH 1.98 4.89 3.52 1.10 0.98 1.00
Water-PG 1.98 434 322 .1 0.93 1.13
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Fig. 3. Sugaring-out phase separation.
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Fig. 5. Concentrations of phenolic compounds of the original extracts and the top
and bottom phases obtained after sugaring out concentration.

3.2.2. Evaluation of concentration efficiency

Fig. 5 shows the concentrations of total phenolics in the concen-
trated top phase compared with that of the original samples, which
increased from 1.44 to 1.58 mg/mL for water-EtOH system, and
from 1.29 to 1.43 mg/mL for water-PG system. These correspond
to 10% and 11% enrichment of total phenolics in the two systems,
respectively. Since the top phases were rich in organic EtOH (or PG),
concentration of phenolics took place as these compounds are more
soluble in EtOH and PG than in water, which remained mostly in the

Table 8
PI and ICsp of original and concentrated extracts.
Sample 1P (%) 1Cso (pg/L)
Water-EtOH Original 49.89 & 0.96 531017
Top phase 56.50 £ 0.10 5.01 £ 0.06
Water-PG Original 51,96 + 1.46 4.67 £ 0.30
Top phase 53.82 £ 0.05 4.63 +£0.29

bottom phase. The values for distribution coefficients and enriched
factors for total phenolics, GA and EA are summarized in Table 7.

3.2.2.1. Distribution coefficients. In a typical two-phase concentra-
tion process, the distribution coefficient (D) is a key parameter
determining the process efficiency. The distribution coefficients of
the total phenolics, GA and EA were determined for the process
carried out at glucose concentration of 200 g/L, and were found to
be greater than 1in all cases. These results suggest potential appli-
cation of the process for concentrating the phenolic compounds in
these solvent systems.

3.2.2.2. Enriched factor. Determined based on Eq. (5), the enriched
factors of total phenolic compounds were 1.10 and 1.11 for both
water-EtOH and water-PG systems, which correspond to 10 and
11% enrichment as previously discussed. The rather small enrich-
ment was due to the fact that the equilibrium concentration of the
total phenolics remained relatively high in the bottom phase. On
a similar note, the enriched factors of GA and EA were also rela-
tively low, despite the high distribution coefficient. This indicated
the occurrence of the compound degradation since heating was
required during the concentration process. The mass balance cal-
culation suggested that approximately 10-27% loss of GA and EA
was observed during the process (data not shown). Further investi-
gation of suitable conditions such as solvent systems, type of sugars,
as well as process conditions would further be necessary in order
to minimize this loss, and thus improve the product enrichment.
Nevertheless, the high distribution coefficients of GA and EA con-
vincingly suggest the possibility for sugaring-out concentration as
an effective technique to concentrate and partition the compounds.

3.2.3. Antioxidant activity evaluation

Antioxidant activity of the extracts measured in terms of %
Pl and ICsp are summarized in Table 8. The PI values of the
concentrated extracts for both water-EtOH water-PG systems
were expected to increase as the concentrations of total phe-
nolics increased, compared with the original extracts (Fig. 5). In
addition to the PI values, the ICso values which indicated the
antioxidant quality of the extracts were also compared. The con-
centrated top phase of water-EtOH was found to have lower 1Csq
values than the original extract (ICs,top phase =5.01 wg/mL versus
ICs0,0riginal = 5.31 pug/mL), while the 1Csq values of water-PG extract
and the concentrated phase were approximately the same, which
are 4.67 and 4.63 pg/mL, respectively. It should also be noted that
water-PG extracts show greater antioxidant activity in terms of
ICsp (lower IC5o values) than those of the water-EtOH extracts. This
was possibly due to the ability of PG to stop growth of microorgan-
isms, making it suitable for use as preservative. Thus, this system
has great potential for future application in food and pharmaceuti-
cal industries.

4. Conclusions

Phenolic compounds from T. chebula can be effectively extracted
using water-EtOH and water-PG solvent systems. In comparison
with SWE, water-cosolvent extraction is less complicated, and the
results of this study suggested that extraction with water-EtOH
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and water-PG system requires considerably lower temperature,
allowing the reduction in the compound degradation. Furthermore,
concentration of these extracts could be achieved by glucose addi-
tion to induce phase separation. The high distribution coefficients
of total phenolics, GA and EA supported the possibility of sugaring-
out concentration as an alternative method for concentration and
separation of natural compounds from water-organic cosolvent
systems. For industrial scale application of the process, issues con-
cerning the separation of the key compounds from the solvent
(EtOH or PG)rich phase, the solvent recyclability, and the stability of
the bioactive compounds during the process with solvent recycling,
must be addressed. For water-EtOH system, EtOH could be sepa-
rated by distillation. On the other hand water-PG system would
represent the system in which the separation of PG is not necessary
since PG is safe for human consumption. In addition, as previously
mentioned, PG present in the extracts would act as a preservative.
The results in which the concentrated extract in water-PG system
was found to show higher anitioxidant activity (the lowest 1Csq)
than those of water and water-EtOH and water-EtOH concentrated
extracts support this claim. Despite the positive results in the small
scale study nevertheless, an industrial scale application of process
requires further detailed study to optimize the process system and
conditions.
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