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Optimization of Enzymatic Synthesis Condition of Structured Lipids
by Response Surface Methodology

Eun-Jin Cho, Jong-Ho Lee', and Ki-Teak Lee*
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'Department of Food Science and Nutrition, Yonsei University

Synthesis conditions were optimized using response surface methodology for producing structured lipids (SL) by
interesterification of DHA-enriched algae oil derived from microalgae, Schizochytrium sp. and corn oil. Reaction
was performed for 24 hr at 55°C catalyzed by immobilized lipase from Rhizomucor miehei (RM IM) in shaking
water bath. Major fatty acids of SL were palmitic (21.70 mol %), oleic (20.20 mol%), and linoleic (27.34 mol %)
acids, and DHA (15.06 mol%). To separate newly synthesized SL-triglycerides (TG) species, HPLC with
evaporative light scatting detector (ELSD) was used. Production conditions were optimized using central

composite design with reaction temperature (35-75°C, X,), reaction time (2-42 hr,

(2-14%,

X,), and enzyme concentration

X, as variables. When variables were 70.28°C (X)), 28.74 hr (X,), and 11.30% (X,), maximum content

of selected three peaks of synthesized SL-TG species was predicted as 6.97 area%.
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3] o) fro] Ak SYrlAEQ] R (microalgae)t A&
FAEO ZHE J|Yshe HoRE YA ‘”2‘34, durxog
omega-3 AF o] EXapx el 2A8]go] AL vFEA F
o] e Ao BIEI JYrk7e). 2/ ]’\1 dojd A4
o] A% ofollA WESE BHFVF A FEE /R UL

i, sn-2 2 x) el EPAYF DHA #afo] thaf 22 o] ko).
A& A (structured  lipids, SLYS TG 22} Qhol|A] z4tke]
A T B HIAA NELE 71 AREE AEAT)
H s 71549 7HRlE O TG interesterification HE
=24, 38

o o=
ol ofsl AAE & Stk AdE AR

2 EAo] MadEle] 71 AFLRe] ool ThedtH, 2
o] 758} ool #-83 medical food2A4 AMHEE 4
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B3k dovk(1s), A8 AA AN QAMFE] A
ZaRg e A HHFE Jele] =47 wygos 4
AAYE FEY F S HHEAMS o] gsle] Ay gre] W)
¢ 7 e d=nde sge] grEn

A71M B A7olM = omega-3 AHARS 3RS 2715 &
A5 aad o g Akslr] 93k] DHA-enriched algae oil
W SFEFRE VAR AMEE, SR AMS LR A7 7
A2FR)E TAREAG 28 RS EHEAS o) gale 2
AL #HAgs 5 ulZEA systemol A e] FAA S 2% AL
A3t} sk

=

# A2l YE<Q DHA-enriched algae oil2 WA Z2F<
Schizochytrium sp. 2] 815 ¥ 1S 2 A Martek(Columbia,
MD, USA)ZHFE FUsilen, Serfe Al fEEa
= ARl AEFL ARSI AR "] Aol ARgE
Lipozyme RM IM< Novo Nordisk Biochem. North American
Inc (Franklinton, NC, USA)llA 79 3l%it}.

g2z oMel MTMXIEL B X pancreatic lipase
ol 2fgt =8l

Test tube(25 mL)?l DHA-enriched algae oil#} S+4/8 7t
ZH gy g F AA 71 FAL 10%0 #FEhs RM IM
(02g)2 ¥ n-hexane(3mLy& 7H5F4th o2& 55°C, 175
pme] FRZREEZRA 244]7F Fot HESA)Z) F PTFE syringe
filter(25 mm, 0.2 um, Whatman, Maidstone, Kent, UK)Z A&
gtod oJA)7]3L, N, gasE ARE-8lod p-hexaneS A7k

ghH, AAgE ATARAE] sn-2 9119 kA 24 BAS
At sn-1,3 fAol| EolH oz 2E3l= pancreatic lipase
(from hog pancreas, Sigma Chemical Co., St. Louis, MO,
USAYE o, 7FrEslE HAISIATHI4). Test tube(25 mL)yell
DHA-enriched algae oil, 55, AT+AAES 2H7F 5 mg¥
FHsHaL M Tris-HCl buffer(pH 7.6, 5mL), 0.05% bile salts
(1.25mL), 2.2% CaCl,(0.5mL), L33 pancreatic lipase(5 mg)
£ 7hkth. £3E-S 37°C water batholl A 3E 5<F 7k |
B o WAl S 33 9 AAlEaL, diethyl ether(2
mLyE 7t8te] &3 & sodium sulfate anhydrous columnE
ol g3t FE 2 ETES ARG Hexane : diethyl ether :
acetic acid =50: 50 I(volume ratio)?] HA7§8mjZ ARg-3l ulb
¥E S0uLE Fste TLC silica plae(10X20 cm, Merck,
Columbia, MD, USA)ll A/HAIAY. ST+/E I BFR
std Z7NE REEE 71202 R3E 0.0420 2-monoglyceride(MG)
< Bk

Ir

e 1

Xkt =M 2

7}7k0) TG %= TLCoA 538 2-MGE methylation(16)4]
71 ¥ gas chromatography(GC)oll 2]s =Wk =4 B8 A
AlBHATE GC(Hewlett-Packard 6890, Avondale, PA, USA) 4]
£ %18t AZ7]+= flame ionization detector(FID, 260°C)& AR
BIAL, carrier gass N,(52.5 mL/min)E ARE-3}21tk. Columne
Supelcowax™-10(60 mX025mm, 025um film thickness,
Bellefonte, PA, USA)= ©] &3 °2™, column oven &%+
140°Col A 12F FAAIZ] 3 132 10°CH 220°C7HA] Z71A)

=2 A7) A 36 WAl 4 5 (2004)

713 5587 FRIAZT Injector SEE 250°CE 8% 3.0
™, constant flow$} split (50: 1) modeZ AFR-8}HL 1 pLE =
szt 2418 AAEI T

Reversed-phase HPLCE 0|88 MT7MX|Eo| 84

AE AR Ae] Nze TG FHe) ¥ 2 FFL 9
8to]  reversed-phase HPLC-ELSD  system(Younglin  Acme,
Anyang, Koreays o83l 418 A&t Columne Nova-
Pak® C, 60A 4pm(3.9X 150 mm, Milford, DW, USA)S AHS
815, FAZE 7]+ evaporative light scattering detector(ELSD,
SEDEX MODEL 75, Sedere, Alfortville, France)2 AM&-38}%1.0.
o AR 220kPa, &51= 40°CE AR &gt 8= acetone
3} acetonitrile® 0.5 mL/min®] F402 7)&7)88)2 st A}
B3I TH17). Reversed-phase HPLC #4& TG2] AHl4k 7]o]
o} Basheo] wEh BElsis Qg o143 dog $HE A
-2 partition number® HERY $= 9o o]E Esa) TGS A
Wt 24E A5 5 Ak(17,18).

Partition number(PN) = total number of carbons(CN)—
2Xtotal number of double bonds(ND)

9l AelA CNE TGO WA &45E Jehld, NDe £
olFdde] 5 velth 9HEFEAEHN SigmaSt. Louis,
MO, USA)9] tributyrin(C4:0, PN =12), tricaprylin(C8:0, PN=24),
trilaurin(C12:0, PN =36), trimyristin(C14:0, PN =42), tripalmitin
(C16:0, PN=48), triolein(C18:1, PN=48) % trilinolein(C18:2,
PN =42)g AFE-sller, &4 A#E Hl"O R retention time
(X)# PN(Y)2.2 o] Fojzl REAGFAME 3k

MrAXIEe Mot ZXSHE 2 AEAE
HPLC #4118 B3 2218 M2 TG 44 FH3E Yst

Z4133718) (central composite designyoll whel AT H S

k1
H
Bt SAS(statistical analysis system) X2 12918 ALZ-3TH19).
o

RS RERA S oE Y 2dWE X, X, X, 0 - -, XF
A #AeS oA Yol 9 L UL o
Uk WE7) o] R whEaEre] ek FAIH EAwoR
M, R ER S 712E 3 9Q1E9 HAFES AHY 5 4
TH19). & d¥elMe] adldeys W% (35-75C, X)), #H3
AZH2-2417E, X)) B 71Ee] Ao tiE BAEE(2-14%, X,)
ojglery, ztztel Mg -2, -1, 0, 1.2 %

31(20.21), Jennings 5-(9)3 Ko 5(21)°
d vl A 20, 244774 1 A= de] g
o] F7IsIH o) 4047 o]Fole WEHEo) ufg FHorz
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Table 1. Levels of independent variables for central composite design
b Coded variable
Variabl S i
ariable ymbo P X 0 l 5
Temperature (°C) X, 35 45 55 65 75
Time (hr) X, 2 12 22 32 42
Enzyme (%) X, 2 5 8 11 14
my PN=50
PN=48 PN=52
s PN=42 PN=54
. PN=28-40 . .
mv ) 1 ' (B)
' | PN=42-48 II
i ' '
: : ,
| H ¢
: : i
s ' ! :
AU
] 1 i
] ]
> M—M..____.,“_____‘___‘ﬂ
1 i ]
mv Three peaks used as ()
dependent variable
L
0o %.00 10,00 15,00 20,00 25,00 30,00 35,00 40,00

Time {min)

Fig. 1. Chromatograms from the reversed-phase high-performance liquid chromatographic separation of: (A) corn oil (TG), (B) DHA-
enriched algae oil (TG), (C) structured lipid (TG). Total area % of selected three peaks was used as a dependent variable.
Partition number(PN) = total number of carbons(CN) - 2 x total number of double bonds(ND).
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DHA-enriched algae oilZt S+rF ¥ XTMX[ES| X4t
=4 =4

Y52l DHA-enriched algae oildt 255H 9 Fwukpz
ANA AR AR "] A 2AE £A% A Table
29} 74t} DHA-enriched algae oil®} TG A4 24 B4 2
7, DHA(3543 mol%), palmitic acid(30.67 mol%), docosapen-

HERHEME U8t MTHXE BM % Fxe

Vial25 mL)el| W& 71224 DHA-enriched algae oil(1 g)
SR 98 EFS F 71 A el ELER2-14%,
X)g HAAg ue} E5ksta AHE wkeAI7H2-4247), X))
oAA 32 A ATE PSRt 24 Agdzdold
A3 RES-25(35-75°C, X)) aXs7] $l8l ez s AL
o, 839 4L 2l8] magnetic bar®} hot plate stirrer

E o838t 250 rpmellA ATAERHE S e AAAY
o] W& WAl Bt HAdE ATAAELS PTFE syringe filter
(25 mm, 0.2um, Whatman, Maidstone, Kent, UK)& A}8-3}ed
AGAIZ) 3 99} 2 2719 reversed-phase HPLC) ¢]a) &

taenoic acid(14.06 mol%), muyristic acid(11.64 mol%) S°] 8
AEbaRl Ao R EPLO ™, EPA(2.40 mol%)7t A% 355 o
AT S TG =8 AR linoleic acid(53.54 mol%),
oleic acid(32.55 mol%), palmitic acid(11.44 mol%) T3 7oz
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Table 2. Fatty acid composition(mol %) of DHA-enriched algae oil, corn oil, and structured lipid

Fatty DHA-enriched algae oil Corn oil Structured lipid"”
acid TG sn-2 TG sn-2 TG sn-2
14:0 11.64 20.81 nd” nd 4.96 6.27
16:0 30.67 19.90 11.44 1.03 21.70 20.35
16:1 0.38 0.44 0.16 nd 0.26 0.37
18:0 0.54 271 1.27 0.17 1.60 2.05
18:1 0.63 3.94 32.55 32.64 20.20 27.61
18:2 0.44 4.02 53.54 65.73 27.34 28.37
18:3 0.50 nd 1.04 0.43 0.64 0.52
20:2 0.44 nd nd nd nd nd
20:3 2.05 nd nd nd 041 nd
20:4 0.82 nd nd nd 043 nd
20:5 2.40 7.70 nd nd 0.87 nd
22:5 [4.06 8.54 nd nd 6.53 3.46
22:6 3543 31.94 nd nd 15.06 11.00
"The reaction mixture contained 1 g DHA-enriched algae oil, | g corn oil, and 0.2 g (10% by weight of substrates) immobilized lipase. The

reaction was conducted at 55°C for 24 hr in a shaking water bath at 175 rpm.

INot detected

el e AlagRIEe] 735, DHAS] 3RS 15.06 mol%
£ YERNRI I DHA-enriched algae oiloll 23 e3¢ palmitic
acid(30.67 mol%)2] ke 2170 mol%E <F 30% 4SRN L.
™ myristic acid(11.64 mol%)2] &F 2F 60% T3 4.96
mol%E ERHACE 3 DHA-enriched algae oiloll 2% 3H-f
% oleic?} linoleic acid®] 332 interesterification Hh-g-ol] 2]&j
FA3] ZF7¥skd zht 2020, 27.34 mol%E HERN QI

I, TGE 4T A5, #Ael E81E pancreatic lipase
off 28] 2-MGe} FeElAHte R B, o] F 2-MG9} long-
chain fatty acid® THA TGE APt Fe2HE, AAA
2 o A3 & chylomicron HE|E oz o]FHAr)
o] W, TGS e F sn-1,3 $1x2] A Ak Halg F o
U, sn-2 $1%]9] 10“&—: Halu]A] etoE g ;2 R 7|e
A RS e A Aol g FE 7 2Uvh22,23).
w2}A  pancreatic llpase°1] o3 7REE B3l o2 91A]9]
A A 238 dolH ettt DHA-enriched algae oil®] sn2 9
&) AW 24 F4 723}, DHAE 31.94 mol%= v S
Hol glen, F3PRA palmitic acide TGOl Hls] L g
o] Yol sn-13 $Rlof] hF-E HrEle] s AoE dEF
vt 2B £ 2kl linoleict oleic acide] ko]

474 65.73, 32.64 mol%Z YERNSIZ, AFEAES e 5
8 AAE linoleic acid(28.37 mol%), oleic acid(27.61 mol%) =
DHA (11.00 mol%)y7} sn-2 9120l 5 &8 AL gold &
A THTable 2).

Reversed-phase(RP) HPLCE 0|83 M7MX|Ee 24
L-7~f, DHA-enriched algae oil % J7/J#]22] RP-HPLC
AZMEIREE Fg o] JERNATE Acetonitrile® RP-HPLC
ollA da] 2ol o]lFAtelH, acetones e PNQ 71 TG
Hejo] Bel7} golalnz Fg #21th24). i TG Fe=
olFo FFefHE olF A%E 1 2 91; 6712 =]
Hhabo 2 o] fo]x] Qlom @ PNo| 42-54%1 e el e
o, o]lEL 462, 54:6, 54:3, 522, 52:1, 54:2, 54:1, 52:0 %

54:0(CN:ND) Hel2 &x]% 4= AthFig. 1A). DHA-enriched
algae oil2 5-6719] °o|F %”g 7k Agrkel FHgo] won

2 Bxslvo) ujg} PNo) 28480 & WA FA531emH, PNo
28-40, 42-482] ¥ F o8 PHERITH PNo| 2840 H U
A= TG |7} 62:17, 62:16, 66:18, 66:17, 66:16, 66:15,
60:12(CN:ND) 522 o|Fo]#] 3125 &3l T, 4248 HY
oAl 42:0, 44:0, 46:0, 48:0(CN:ND) 502 28 4 I3
thFig. 1B). ¢4, FA= ZH?“JX@—S— o 7] FElZ TG
7} EAEhe e 4 5 Udden, T sl EA8kA] ke

thee] A 2E TGS peak® &<l 6]- 2 oloth e Ea
*3”5‘ AMEE TG % 37) olake] Rad peakZ A AEg)

219lom, o]E peak WAV %(area%) S35t A4F HH3E
TMOd o1& t&otﬁ_ 2 AR THFg 10).

SaEAE| 28 TEXE B EXEL
RP HPLC-ELSD system2 £3] 221% 74229 379

MEZE TG peake]l 943 FHAsLE sl Fh€ 2F 20dA 9]
A% A Table 334 Zoh AAAE S HH3sE A

9lolA 4 7HH] folwgel %5(%5 75°C, X,), A7H2-42417F,

X)) B §AFEER-14%, X0l Z& ¥ (area%, Y)ol Ol
BB A2 o3 At

Y = -5.766459 + 0.033168X, + 0.249938X, + 0.309492X , —

0.001204X X, + 0.006704X, X, + 0.004546X,X, + 0.000276X*

0.002901X,2~ 0.028292X 2
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Table 3. Experimental data under different conditions based on
the central composite design for response surface analysis

Structured lipid production conditions" Response”
Temperature (°C)  Time (hr) Enzyme (%) Area%
45 (-1) 12 (-1) 5D 1.14
65(1) 12 (-1) 5S¢0 273
45(¢-1) 32(1) 5D 2.83
65(1) 32(D 5D 3.55
45 (-1) 12 (-1) 11(D 252
65(1) 12 (-1) 1 453
45 (-1) 32(1) 11D 4.36
65(1) 32(D ey 6.28
55(0) 22(0) 8(0) 3.98
55(0) 22(0) 8(0) 3.79
35(-2) 22(0) 8(0) 1.93
75(2) 22(0) 8(0) 6.06
55(0) 2(-2) 8(0) 0.55
55(0) 42(2) 8(0) 490
55(0) 22(0) 2(-2) 0.82
55(0) 22 (0 14 (2) 491

"The number of experimental condition by central composite design.
"Total area% of selected three peaks on synthesized SL-TG species.

I W& AT g wbg AlZhe] Fike] wlel A
e Z7lshe 43S B0, o= Jennings S(9)°] A-1E
fish oil¥} capric acid®] EAH A Al WEE A7k Zv)e) ul
2t AR s AN A ] ghapo]l BolxlE A7 Adket A
e A o 7 AUTE v o] wfE MAHe] WEkE
R rrt Frkge uel o d¥n Frisidlen, ol
Fomuso 5(20)°] £ Ayet 722 @4 Fv) kol olive ol
71AR &k caprylic acid ¥4 Al, €% 271 wel medium-
chain fatty acid®] AEo] F7kshs A A3et fAlSH A
£ HYth weld 25, AZF " asgice] W] uE F-
ratio’} 55 FARE d3Re e B A3e] At ogE
NE Zlolgt AlsE)

S, Al Al kel i w3 AHEA A oF
S dehlo) Hua Hazgks ¢ F flojA o A
BAS stk 2 A3, AEAIE W WellA AR
4 &) ik AR 2E(70.28°C), A1 ZH28.74A17h), EA
FTE(1L30%)°014 697 area%Z YERGoD, Fde oAy
o] FHlE YeUTHTable 4). 2 T4 27H0R oS8 £
E(7028°Cr= B Aol AMEE &4 HAFGAHLE ¥l
30-62°CROET} Tha FA WG o, HAFAIA7H28.74417)
<2 Jennings 595} Ko 52D A7 Aol vept 274
Ao} HPAHAITH24-40A 70 B9 ol EAsint. 3,
HHY T AFE(11.30%)F Senanayake (15534 Ko S(1e] 4
79} FAMS AdtE Jepliginh wEld B Ao dEs
HAEATE7F interesterification ¥H&ol| AAE zHo) = A
o7 ®yelrh

olel HAHZZM dEE FHRAL s
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Table 4. Variable for regression model of three peaks sum area of
synthesized SL-TG species and predicted levels of synthesis
conditions by the ridge analysis

Maximum content of

Processing conditions F-Ratio three peaks
Temperature (°C) 23.60 70.28
Time (hr) 26.49 28.74
Enzyme (%) 29.07" 11,30
Estimated response (area%) 6.97
Morphology Saddle point

Significant at 0.5% level.

Table 5. Comparison between of optimum predicted and
experimental values of response variables on structured lipid
synthesis

! . Predicted Experimental
Response variable
value value
Total area% of three peaks on
synthesized SL-TG species 6.97 803
2 o

Omega-3 A %1kel DHAZF F338t3 <37 3 %
(microalgae, Schizochytrium sp)25-E A A& FEsle] o2
ot 7122 o8, AEE A RM IM(from Rhizomucor
micheiy® FE 3l interesterification Bl-2-ol] &8 117)%A
FAE aAHoR AYs7] Yt FAHRPS R HEN
of olsl HAgsIAT d2aWzo 2 AR A7
Ade] TG At 24 B4 dAx, A7A4x30) $4¥ DHA
o] g2 1506 mol%E VFERHSIAL, DHA-enriched algae oilol
ek @49 palmitic acid(30.67 mol%), myristic acid(11.64
mol%)e] ke 7zt 30, 60% WAk 21.70, 496 mol%s
Hom, oleic} linoleic acid®] $+#re F23) &E7isle] zhzp
20.20, 27.34 mol%E YERHRITE. RP HPLC-ELSD systems ©]
g3t A2 TG Fel g 22l 23, F 71"l &4
a4 @& threl MRS TG peakE F91T & Uglen, o

A Aol 7hsst 309 peakE A, °)E peak arca%
R E Sl R1E(35-75°C, X)), AlZH2-42A1 7, X))
1 BAAFEQ2-14%, X)E [WFE st SAIEAAIg 9
3 Wks HAslelrh 1 A, £5(70.28°C), A17H(28.74

—

Tr‘:]—

Q.
=5

HAtel 2

B A RAEY|&ANTARI &=
PG1-CH15-0001)°] 9]3ale] 3%l A7
A=Y

HFEAA L (02-PI1-
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