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Analysis and Enzymatic Production of Structured Lipids
Containing DHA Using a Stirred-Batch Type Reactor
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Abstract

Structured lipid (SL) was synthesized by enzymatic interesterification with algae oil containing docosa-
hexaenoic acid (DHA) and soybean oil in the stirred-batch type reactor. The reaction was performed for 15
hr at 65°C with 300 rpm catalyzed by sn-1,3 specific Lipozyme RM IM lipase from Rhizomucor miehei (11%
by weight of total substrates) in the absent organic solvent. SL contained 87.1 area% triacylglycerol (TAG),
12.1 area% diacylglycerol (DAG), 0.6 area% monoacylglycerol (MAG), and 0.2 area% free fatty acid (FFA).
Major fatty acid profiles of SL were DHA (15.7 mol%), linoleic (31.1 mol%), palmitic (20.2 mol%), oleic (13.5
mol%) and eicosapentaenoic acid (EPA, 6.6 mol%). SL contained the newly synthesized several peaks. lodine
-and saponification of SL were 206.7 and 183.8. SL color showed darker and redder than soybean oil, and appeared
the most yellowish color among SL, soybean, and algae oil.
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Docosahexaenoic acid(DHA)+= eicosapentaenoic acid
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sp.25E fFdiE o] DHAE 32~45% &h-3l1 Q& 5%
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Al A A" 544 2= Rhizomucor miehei(EC 3.1.1.3)
A H#3 Lipozyme RM IMeo|#, o]& 7]A(TAG)Y
sn-13 Yol HolH o2 #83}+ macroporous anion
exchange resinell ZA3¥ & o|th(514).
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AFAA AL Ao AHEE ZF(algae) & Schizo-
chytrium sp.2¥¥ fFdF 7122 Martek Biosciences
Corporation(Columnbia, MD, USA)Z %¥ T9l3lg v,
WFF(CANE HAA ATl 9% a8 SAHEAD
ol Al F]) 8l o). Interesterificationd £3F 2)FA =2 3
Aol 2697 3145 & 4 Lipozyme RM IM-2 Novo Nordisk
Biochem. North American Inc.(Franklinton, NC, USA )¢l 4
T 8 AE Ax 23 F Uyd b
-15°CY WEzd nsle B Ao Ahgstgin)

gl2A HHE7|E 0|88t AT MXIES AN EHY

E A AFAARALE 2FH250 gl HFH-(250
)& 1:1 ¥ &(wt/wt) & £33 f-A & 7AH = 3l2.(5),
7122 11%(55 g) AES triacylglycero TAG)2) sn-1,3
8zl 243+ A4 Lipozyme RM IME 0]} in-
teresterification. .2 &m) 2| AlefolA] 43 stedvh(12).
182 Shind} Lee(17)8] A5 vlelo g 65°C, 300
pm?] 3] #A4] ubg-7] oA 1547k Fak Al Aslg o, a3
Aol AankgE 98 W 2ok o] 9 em, F 3 cmdl
impeller& ®¥H-&7]el] Azsle] ¢3Patgic) ub-go] g
Az ool &3 A4 AAZ HEE A 7F o] 9] 9] uk-s-&
A Al 7 2. sodium sulfate anhydrous(Junsei Chemical
Co., Ltd., Japan) column® 7}$+5%7](EYELA, N-1000,
Japan)E o]&3te] A 4 5 F AL FE 3
AR F4 F AH4-E n-hexanes A7 s

w3, 2AHAE Bt AFAAA A A F A
7Hed A wAE A7 8 0H10,18). +E2H 1A L)
£ o] &3} 9+-2E-& n-hexane(300 mL), 95% ethanol(200
mL), phenolphtalein(0.5 g/50 mL of 95% ethanol) & 3~4
drop3} 37 £33 F, 05 N KOH(in 20% ethanol) &<
(120 mL)2 A4t 3e-S T3 EF Qo] FFo2 &
215 Ah(hexane)Zwt #2]3}] sodium sulfate anhydrous
columng §HAA #AEd= ¢8 9 EEE AAsz
AdEEr)e T g Aa

hexane)’} AAE FHES 24

£

X|a =M 24

FAE AFAEAA D /59 ol F59 Ak 24 &
A& 98l methylationg <FuFsF GC(Hewlett-Packard
6890 series, Avondale, PA, USA)&EA1-S Al A 8}¢1 o}, Meth-

ylation-= Alonso 5(19)9] W ol o}e} A} 8(100 mg)E #
3} hexane(3 mL, HPLC grade) ¥ 2 N KOH(in methyl
alcohol, 1 mL)%} E&slgcl g8 WHEEEAQ
heptadecanoic acid(1 mg/mL in hexane, 300 pL)& 7}3}l3
187F F53] Repsle] 20~30% £k A2l 4 whx] 3 A
(hexane)Z&%F # 3l9ith. Methylationd 3 o]zl meth-
yl ester Heje] | ulab-S fused-silica capillary columngl
supelcowaxTM—10(6O mX0.25 mm i.d., 0.25 pm film thick~
ness, Bellefonte, PA, USA)3} flame ionized detector(FID,
260°C)5 A2 GCE E43H3i v} Cho 5 (5)0 AlAI# GC
41 vbi ol A3t column oven ==& Z7] 140°C(1
min)ell A 220°C(76 min)7Hx} 42 (10°C/min)Al#A % 8%
ot #4319t} o] FAF L 2 No(52.4 mL/min)& AH-&3}1oq
AR o 23] BA3IH 3, WH % 5E 4 (heptadecanoic acid,
Sigma, St. Louis, MO, USA)-L 7|52 2 AAtsle] G373k
(mol%)& A A3} .

Pancreatic lipaseoll 25t x| x|&it =N

AN FRAA T 71D (FEFH, AT sn-2 2 sn-
1,3 $1A ol w}E Aukat A v 2E 2)3}e] pancreatic li-
pase(from hog pancreas, Sigma, St. Louis, MO, USA)E
o] &3} 7} R Ak 5,17). 27 tFF 2 A7A
AAL 247k 7 mg #3t3 1 M Tris-HCI buffer(pH 7.6)
7 mL, 0.05% ©&4t £ 175 mL ¥ 2.2% CaCl, £
0.7 mL3} pancreatic lipase 7 mg& 7}3l ot £352 30
X8} & pancreatic lipase®] 73] 4] ul-2-& 93] 38 7}
(37°C), 30& A &g 3~43] vFE-3} ¥ diethyl ether(2 mL)Z
A 7}sled AH(diethyl ether)Z3 ¥#28]stsict. £2l€ AHA o
< TLC silica plate(10X 20 cm, Merck, Germany)$} -3
H] A7) & (hexane : diethyl ether : acetic acid = 50:50:1) =
o] £-3le] TLC tank WA AAMARDI7). EFEA 2-
monoolein(Sigma, St. Louis, MO, USA)¢] R¢ 7t} v =23}
o 77k k8= TLC silica plateZ 5B Ry Zto] 0.03(2-
MAG)]] 5-915F #8hod 9] 2] A upat A B3} 28 nby
L2 sn-2 $12 9] Aukat 2 & +A4 8 sn-1,3 $1219)
Al 2AL Xu $20)0] AAZE AL (sn-1,3(%)=
BTAG—sn-2)/2)ol &3t T3t n), TAG YA +
g fx] AAe] Aukat 24 ZhY] g ofn g

Normal-phase HPLC &4

ANFAAN AT B g AJER w1 2H54
2 dF#9 A X7 (triacylglycerol, TAG; diacylglycer-
ol, DAG; monoacylglycerol, MAG; free fatty acid, FFA)
ZA4)-& v 28}7] #1819 normal-phase HPLC £4-& Al A
st} Vial(25 mL)ol| %215 27}t 30 pl. #3}e] hexane
(HPLC grade) 10 mLel] 343313 PTFE syringe filter(25
mm, 0.2 ym, Whatman, USA) & o] &3} o] 244 o}, o 7}
® A&(10 pL)E dual pump(SPY30D, Younglin, Anyang,
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Korea)”} A2% HPLC(Younglin Acme, Anyang, Korea)
o 41, Hypersil BDS CPS column 5u(250X4.6 mm,
Bellefonte, PA, USA)-S A}4-3l9] evaporative light scat-
tering detector(ELSD, SEDEX Model 75, Sedere, Alfortvill,
France)®] 40°C, 2.2 bar(Z 4 %) 274 slollA 7 Z3814
. 1 mL/min §% 2 71&7] £ AH8-9 o) T4 77
0.4%9] acetic acidE #3147 hexaned} methyl t-butyl
ether(MTBE)o] =, 71 ¢7] &8 =Z#a=e ohga} 3o}
Hexane/MTBE(100: 0, v/V)& Z&7] 5% %ot #A|A|7|1
1587} 2] hexane/MTBE(20 : 80, v/v)Z W3} A1 A 2% 53
A A1 FH .o, 0.18 7} hexane/MTBE(100: 0, v/v)E ¥ 3}
A7l F 998 St FAAA F 27F FF B30 A8).

Reversed-phase HPLC &4

Z2FHo HFFERPE £44 Aol os) A= A
A2 A W =23 TAG FHE wh&7|A A vaE F
28 Z 93t F-2 59 reversed-phase(RP) HPLC 4%
AlAlslgd o). Vial (25 mL)el §A1(50 ul)E # 3l acetone
(10 mL, HPLC grade)°ll 3|4, W*%FE2(Sigma, St
Louis, MO, USA)E tributyrin(30 uL)¢ 7} % PTFE
syringe filter& |43} o #3}9ic} F4-2 SPY30D dual
pump”} AZ = Yonglin HPLC2} Nova-Pak Cis 60A 4 um
(3.9 150 mm, Milford, DW, USA) column % ELSD(40°C,
A4 4 2.2 bar) A&7 A3 th Acetone ace-
tonitrile® 7127 €212 &) 23 0.5 mL/min §%422 A}
Sl on oo 22 4 T2 alg st Ace-
tone/acetonitrile(60:40, v/v)& &7] 10% 3t F-A A 711 10
- =<9} acetone/acetonitrile(100:0, v/v)E W3 A A 582 7t
R A1 L., c}A] 5% F9t acetone/acetonitrile(60:40, v/v)
2 WA F 108 7 FAA7lE e AlRA0 WL F
) @ 4089 FAA7Re] 22.F ok Tributyrin(C4:0),
tricaprylin(C8:0), trilaurin(C12:0), trimyristin(C14:0), tri-
palmitin(C16:0), triolein(C18:1) ¥ trilinolein(C18:2)% ] %-

o @

Table 1. Fatty acid (FA) composition of algae oil, soybean oil, and structured lipid”

% £2-21 (Sigma, St. Louis, MO, USA)Z A& #4] 3. o]
ol &gt X ZFAAFALZHE retention time(RT)
3} partition number(PN) Afo]&} #A|X-& F3le] ZAlo]
223} cH(5,21). PN-& Lee¢}t Ruiz-Gutierrez 5-(21,22)0]
A A AAA(PN=CN-2ND)oll F3}e] Fatgiond, CN
(total number of carbons)<- TAGE] & €445 ND(total

number of double bonds)& & °|FZ34E 2v]dlc}

Mo g

QRE7}, HIFST} AV L ME BN
3 #4] Hhg7] 5 o] g3te] Aol o8 AT ATAA

A} kg7 A (EF, ATl g A oetrr]
93ted 8.2 =7}, wlEEL AEE EA 81981 o] &= AOCS
off A AE el £ty 2H2 33 A3 oH23). FAE
9 Mx F42 JC801 colorimeter(Color Techno System
Corp., Tokyo, Japan)E ©]-43}d Hunter AA L"(=+, light-
ness/darkness), a"(1, redness/greenness) ® b'( £, yellow-
ness/blueness) @& 2+7 33] whE-sle] SA4slglon B4
g A A=lsdeb18). A2 BA £4-L SAS pro-
gram(statistical analysis system, version 8.01)-& ¢]-&3} ]
Duncan’s multiple range test® 95% 41377t % p<0.05
FEoA FoAdE AA A2,

=t

Z3t ¥ 13

=

k

=R, UEF ¥ AMFMX RS XM =M A7
FR AFAA L e 2 e 2R

o] A kAl A 3§ 2] ol mhE AL = g

o ¥} tH(Table 1). ¥H871A 2 AHE-HE 2Ffre 1=
o] B3} Auakel DHA(C22:6, 35.1 mol%), EPA(C22:5,
14.0 mol%) 2 palmitic acid(C16:0, 31.4 mol%)<} myristic
acid(C14:0, 13.3 mol%) & F8 A Wite 2 3k 9l om,
5Ff+ linoleic acid(C18:2, 48.1 mol%), -oleic acid(C18:1,
28.1 mol%) ¥ palmitic acid(15.0 mol%)7} F8. 74L& o} F

(Unit: mol%)

Fattv acid Algae oil Soybean oil Structured lipid
atty ad Total FA sn-2 sn-1,3 Total FA sn-2 sn-1,3 Total FA sn-2 sn-1,3
14:0 133+0.4° 155+10 122*+1.1 0.1x0.1 01x0.1 0.1£01 51=x0.1 51%0.1 51=x0.1
16:0 314*1.0 136218 403*24 15006 1.0+02 221%08 20201 179%*01 21.3%0.1
16:1 06*0.1 0502 0603 0.1£0.1 0.1x0.1 0.1x0.1 0.3%0.1 0.3*+0.1 0.3%0.1
18:0 06%0.1 07%04 0602 49*0.3 04*0.1 72%04 25%0.1 22%0.1 26+0.1
181 07201 1.0£04 0602 28110 234%01 304x14 135£0.1 127£01 139%01
18:2 0.4%0.1 06x0.1 0.3x0.1 481x15 70.0£03 37.0%21 31.1£0.1 298%+0.1 31.8+0.1
18:3 05%0.1 nd® 0.8*0.1 37%£04 50x01 3106 35+01 2.8%0.1 39101
20:4 02%0.1 nd 03£0.1 nd nd nd 0.1x01 nd 02*0.1
20:5 32%0.1 24%0.1 3.7%0.2 nd nd nd 14%01 1.320.1 1.5£0.1
22:5 14.0£04 154%£1.0 13.2£0.1 nd nd nd 6.6%=0.1 6.810:1 65101
22:6 35.1%21 50.3%£29 274x45 nd nd nd 15701 21.1=01 129%0.1

UStructured lipid was synthesized by enzymatic interesterification of algae oil and soybean oil in a stirred-batch type reactor.

?Mean + SD.
¥Not detected.
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= A2 FAHAY AFAA AL A5, 15.7 mol%] DH
A®} 6.6 mol%e] EPA ¥ linoleic acid 31.1 mol%$} oleic
acid 135 mol%7} 8. A ukile] o), =&t E 3R HkAEQl

palmitic acid®} myristic acid7} BF-¢7| A 2 A} 43 2 H-F 5

o} oF 43% 7HAW S 7N E A o2 BAE e, ol
interesterification ¥4 3A F 54 TAGER W) Ex3}
acyl groupste] A=A ke 7]g 7 2.2 AR ETH2D).

g, 7149 sn-1,3 YA o BolH R A83}+= pan-
creatic lipase®l] 2|8} 7} F 8 B-2] 2 a4l A A& E5)

AR XA L] 28 A Al X5 ARSI T Table 1).
Z2F Akt F M 2 98 Jehl= DHAE sn-2
2 sn-1,3 -.‘]7401]/‘1 Z+zt 50.3, 274 mol% = U F-& sn-2
Yo Ex3gda, NFF -5+ linoleic acid’} sn-2
AA A 72 *‘;—’f—% *EE A ]3}% Ao R ZAE AT
AFAAA A 2] A4 linoleic acid(29.8 mol%)¢} DHA(21.1
mol%)7} sn-2 YA el 4] & F3S YehllE oz B4
it o]e}f o] B2 H AFYAA WY sn-2 1A 9] I
= 8}4kal linoleic acide} DHA AW &< A, X|Hk4ko] B
& 7158 G&e] A o]8-0] sn-1,3 Y]l R} e
T Aoz Alg"(11,25).

O

Normal-phase HPLCE 0|88t S4X|H
FAE AFAAAA A S -A 2 A
2] FAAA(TAG, DAG, MAG) #A4% normal-phase
HPLC ¥4 %3te] vjaLstdvh(Table 2). ZF-F+ 99.0
area%?] TAGS 7247t 0.8, 0.2 area%2] FFA 2 MAGE
Vel gl 32, JFf-= o) 8o TAG(S9.9 area%) & T4 =
oot A= A AR A 9 A9, 87.1 area% 2] TAG 3HaF-2
7HAE AR FAMENLH ghgrAe SR 9
DAG(12.1 area%) &7} #l = ch(Fig. 1). Interesteri-
fication 4 F TAG 449 & acyl”]7} A 7t+E 38
5 ¥ DAGE 343w, vhA MAGE 348t ©1 % OHYI
ol esterificatione] deirvt 22 DAG, TAGE Al gt}
o]% =1 —?0110} o]iz% o2 g 7-0193\_9_.2. ok & 3)\3]_
22 AR ke ghek-e AT A A 8 3 uES el A

S
=2 0 o
Z5F 2 dF

A 6 AT

deof aax ¢4 % olshEhy 54 ¥4 1055

Table 2. Contents of neutral lipids (triacylglycerol, TAG;
diacylglycerol, DAG; monoacylglycerol, MAG; free fatty
acid, FFA) in algae oil, soybean oil and structured lipid

(SL) (Unit: area%)
Contents of neutral lipids
FFA TAG DAG MAG
Algae oil 08+00" 990+02  nd® 0.2%0.1
Soybean oil 01200 999%0.0 nd nd
sL? 0.2%0.0 87.1%20 121%£20 06=x00

PMean+SD. ?Not detected.
IStructured lipid synthesized by enzymatic interesterification
of algae oil and soybean oil in a stirred-batch type reactor.

AR A uhake] A Al W Eat FA S Sate] g -E AA
gnstE Aoz AlgEch17).

Reversed-phase HPLCol| 2|8t X|& 24

254 dF5H 2 AL AT E FA s AW
2re] Ao} Wl Bx3 %o 2o He]dl= RP(reversed-
phase)-HPLC 2. PN(partition number)S %453 tH(Table

3, Fig. 2). %8 TAG2| 75.1 area%7} PN=24~32 4 %]
°ﬂ B3} 249 area%7t PN=36~48 ¥ o4 £&lx+=

& ehgigl o, dFF2 A& 49 area¥% A=
PN=24~32°1] ozl ar TAGY WHE = 951 area%”}
PN=36~48 W $] ol A ®e] == 7l o2 vhepydeh 3, A+
Az A e} B4 A5t velvt peakse Fig. 294 Zo] PNoj
w2} PN=20~22(10.3 area%), PN=24~32(53.1 area%) %
PN=36~48(36.6 area%)s} o] Al 2 £F-= At &
7149 Aafe}l vl wslel S wf, PN=24~32 g ¢l &A)3}=
peaks T2 F 5% ZFFEZ4E 710" A2 A
Ao, PN=36~48 H ¢ W peaksts HFHZHE <o 80%
7115l Aoz Abgsch 274 A A o+ 27 PN=20, PN=
22, PN:28 PN=30, PN=34, PN=38, PN=42%- Z}+= peaks®}
571343 78 A 28 peaks7t EA 3] oo o] 2
gl peaksE A FARAA ekl ok 505 area% = A 3h=
Aoz Fl=Eg]cl o]#g A= EAA interesterifi-
cationell & & AFAAAA FA& 43l TAGEA Y acyl

7o)

mV
B Structured lipid
C
AN
A }
oo R “\WJ%M ST
0.0 5.0 10,0 500 25.0 30,0

Time (min)

Fig. 1. The normal-phase HPLC chromatogram of the structured lipid synthesized by enzymatic interesterification.
A: free fatty acid (FFA), B: triacylglycerol (TAG), C: diacylglycerol (1,3- and 1,2-DAG), D: monoacylglycerol (MAG).
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Table 3. Peaks classified by partition number (PN) in algae oil, soybean oil, and structured lipid (SL)

ol719

(Unit: area%)

Algae oil Soybean oil SLY Newly observed peaksz)
a: PN=20 25+0.0”
PN=20~22 nd” nd 10.3£0.1 b: PN=22 7.7£0.1
PN=24~32 75.1%£0.8 49%0.2 53.1%+0.1 c: PN=28 11.0x0.1
PN=36~48 249+0.8 95.1%:0.2 366102 d: PN=30 53+01
e: PN=34 32101
f: PN=38 14.1x04
g PN=42 67102

Structured lipid synthesized by enzymatic interesterification of algae cil and soybean oil in a stirred-batch type reactor.
Peaks (a, b, c d e f g) observed from reversed-phase HPLC chromatogram (Fig. 2).

IMean*SD.
Not rdetected.

mv PN=28
A
N=32
mV
mV
0.0 5.0 10,0 15.0 25.0 30.0 35.0 400

Time (min)

Fig. 2. Chromatograms from the reversed-phase HPLC separation of: (A) algae oil, (B) soybean oil, and (C) structured lipid.
Partition number (PN)=total number of carbons (CN)—2 X total number of double bonds (ND): a, PN=20; b, PN=22; ¢, PN=28; d, PN=30;

e, PN=34; f, PN=38; g, PN=42.

group®] A=A wWgto] Fi= 02 o] Folx o] ule}A A
FAR) A 9] o]3}Etz] BAo] 9|9 *Hi—r peaks®} 72 A
FAE A kg g o7 ArgEch511,21).

227}, H|FETE MIF U ME 24
FAE A4 2149 A AAg 8.2 =7t vt
L A7F FA S T3] dotrghew, A EE Hunter A A
L*(%, lightness/darkness), a"(%, redness/greenness) %
b’(£, yellowness/blueness)gtoll 7] 8to] A3 B gkrh(Table
. ATAARAAY g eertE uEe BIHEE A 2

F(274.0) B0} oF 259% wrolal 206.7-& Yehl o, 3}
e A sle vyl oA (R 5, 1796, T
190.8) gte FA Q1 183.82 2A it AFAAA A
Ab7be W87 A 7 282 0.3 o] 1o A4 3RS Vel o] 919
Fig. I(FFA &3)) 483} A 2R Ho|w o] & FA 1A
ZF A e AR AR AAE 93 B o] &
Ao o]Fox o AR

A, AN FA A A Y Hunter AA o £3 Ax 2 Az
= uhS71A S A ql Aols Bgon SA3E Table
4ol A A1SFF cHp<0.05). AAFAE A A2 L(E, lightness/
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Table 4. Chemical characteristics and the Hunter color L*, a°, b* values of algae oil, soybean oil and structured lipid (SL)

Algae oil sLY Soybean oil
Chemical characteristics
lodine value 274.0+1.47 206.7%1.1 131.0£05
Saponofication value 179.6=0.0 183.8%2.0 190.8+0.0
Free fatty acid value (%) <0.3%£0.0 <0.3%0.0 <0.3%£0.0
Hunter color
L* value 705+01% 78.7+0.1° 935+09°
a’ value 26.0+0.2° 13.8+0.2 -25%0.1°
b value 49.4+0.0° 55.1+0.1% 11.3+0.3°

DStructured lipid synthesized by enzymatic interesterification of algae oil and soybean oil in a stirred-batch type reactor.

IMean = SD.

Values within a row with different superscript are significantly different by Duncan’s multiple range test (p<0.05).

darkness) S HFH(935) R} ZFH-H(705)9 <F 24 7}
74$ 7872, a'(£, redness/greenness) -2 #8714 (7
fr, 26.0; TFH, -25) Aol #hal 138 S FH o,
b*(%, yellowness/blueness) #- 1 5-#(11.3) ¥ ¥H-3-714
AR} EL D S 2 2HF494) 1T} #9214 (p<0.05)
22 585518 vYehdglnt ol & Aabs AT A o]
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