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ABSTRACT: n-3 Polyunsaturated fatty acids (n-3 PUFA) from 
the marine microalga Isochrysis galbana were concentrated and 
purified by a two-step process--formation of urea inclusion 
compounds followed by preparative high-performance liquid 
chromatography. These methods had been developed previ- 
ously with fatty acids from cod liver oil. By the urea inclusion 
compounds method, a mixture that contained 94% (w/w) steari- 
donic (SA), eicosapentaenoic (EPA), plus docosahexaenoic 
(DHA) acids (4:1 urea/fatty acid ratio and 4°C crystallization 
final temperature) was obtained from cod liver oil fatty acids. 
Further purification of SA, EPA, and DHA was achieved with re- 
verse-phase C18 columns. These isolations were scaled up to a 
semi-preparative column. A PUFA concentrate was isolated 
from I. galbana with methanol/water (80:20, w/w) or 
ethanol/water (70:30, w/w). With methanol/water, a 96% EPA 
fraction with 100% yield was obtained, as well as a 94% pure 
DHA fraction with a 94% yield. With ethanol/water as the mo- 
bile phase, EPA and DHA fractions obtained were 92% pure 
with yields of 84 and 88%, respectively. 
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n-3 polyunsaturated fatty acids (n-3 PUFAs) have been rec- 
ognized for their important role in health since 1972 (1). 
Eicosapentaenoic acid (EPA) can affect the circulatory sys- 
tem and can help prevent atherosclerosis and thrombosis 
(2,3). Furthermore, recent central nervous system research in- 
dicates that docosahexaenoic acid (DHA) is important in 
early human development. In infants, DHA is highly concen- 
trated in brain and retinal tissues and accumulates during late 
fetal and early neonatal life. Diets deficient in DHA could 
promote abnormalities that may be irreversible (4,5). 

*To whom correspondence should be addressed. 

Isolation and purification methods for stearidonic (SA), 
EPA, and DHA acids are being developed to supply highly 
purified PUFAs for medical research on humans (6) and on 
animals (7), and for chemical research on autoxidation and 
stability (8,9). The lack of adequate amounts of purified ma- 
terials for nutritional and clinical trials seriously retards sys- 
tematic investigation of the preventative and therapeutic roles 
of EPA and DHA (10). These fatty acids are commonly ad- 
ministered as ethyl esters, free fatty acids, or as triacylglyc- 
erols. Clinical trials carried out in humans have shown that 
free fatty acids were absorbed fivefold more efficiently than 
ethyl esters. The mildly irritating effect of free fatty acids on 
the esophagus is easily avoided by the use of gelatin capsules, 
which are also necessary to prevent autoxidation of PUFA 
(11,12). 

PUFA can be obtained from fish oil or microorganisms. 
The only current commercial source of n-3 PUFA is fish oil 
(13). Fish oil n-3 PUFA content and EPA/DHA ratios fluctu- 
ate widely. Microalga biomass is particularly suitable for ex- 
traction and purification of individual PUFA, due to its stable 
and reliable composition. In addition, PUFA from cultured 
microalgae are cholesterol-free (14), contamination-free, and 
taste good. 

Several techniques have been developed for producing 
highly concentrated SA, EPA, and DHA. They all include an 
initial fatty acid preconcentration stage, followed by isolation 
of the specific PUFA of interest. Concentrates of PUFA are 
generally most efficiently prepared by urea adduction or low- 
temperature fractional crystallization techniques (15). Fur- 
thermore, fractionation of fatty acids by urea adduction has 
been studied on a laboratory scale (16). The urea fractiona- 
tion of the fatty acids is mainly based on the degree of unsat- 
uration. There is an inverse correlation between unsaturation 
and formation of urea crystals (17). Fractions rich in PUFA 
can also be obtained by supercritical CO 2 extraction of neu- 
tral lipids or the fatty acid alkyl esters (18). An alternative ap- 
proach for enrichment of n-3 PUFA is based on enzymatic 
techniques, such as lipase-catalyzed alcoholysis (19) or inter- 
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esterification of triglycerides (20) and esterification of glyc- 
erol (21). To obtain even higher EPA and DHA concentra- 
tions, the preconcentration method has been combined with 
other fractionation procedures, such as solvent fractionation, 
distillation of the corresponding methyl esters, preparative 
gas chromatography, fractional distillation, or preparative 
high-performance liquid chromatography (HPLC) (6). In re- 
cent years, the latter has become a powerful tool for the isola- 
tion of compounds from complex mixtures. As fish oil has a 
complex matrix, preparative HPLC is the best technique for 
this purification (22). 

This paper investigates a two-step method for isolation of 
SA, EPA, and DHA from cod liver oil and Isochrysis galbana 
fatty acids by the urea method and semi-preparative HPLC. 

EXPERIMENTAL PROCEDURES 

Cod liver oil saponification. The fatty acid profile of the com- 
mercial cod liver oil (Acofarma, Barcelona, Spain) is given 
in Table 1. Cod liver oil (350 g) was saponified by agitation 
under nitrogen in 700 g of an aqueous-alcohol solution of 

TABLE 1 
Influence of Urea/Fatty Acid Ratio on Fatty Acid Composition 
of Urea Concentrates Obtained at 4°C from Fatty Acid Extract 
from Cod Liver Oil (CLO) 

Urea/fatty acid ratio 

Fatty acid a CLO 1:1 2:1 3:1 4:1 

14:0 4.2 2.7 0.7 0.5 0.7 
16:0 10.6 2.0 0.2 0.5 0.0 
16:1n-7 7.8 9.6 6.9 2.5 3.2 
18:0 2.6 0.9 0.1 0.0 0.0 
18:1n-9 17.0 17.6 3.2 2.9 0.7 
18:1n-7 4.6 5.9 1.4 1.0 0.0 
18:2n-6 1.5 2.0 1.6 0.7 0.7 
18:3n-6 0.2 0.2 0.4 0.5 0.5 
20:0 0.2 0.2 0.2 0.0 0.1 
18:3n-3 0.8 1.1 1.0 0.6 0.6 
20:1n-9 10.8 9.0 1.3 0.6 0.8 
18:4n-3 (SA) 2.4 3.3 6.3 8.0 8.5 
20:3n-6 0.1 0.1 0.1 0.2 0.2 
22:0 0.1 0.0 0.0 0.0 0.0 
20:4n-6 0.5 0.8 1.0 0.9 1.0 
22:1n- l l  8.3 3.8 0.4 0.0 0.0 
22:1n-9 0.1 0.0 0.0 0.0 0.0 
20:5n-3 (EPA) 9.4 13.0 22.6 24.8 25.6 
24:0 0.0 0.0 0.0 0.0 0.0 
22:4n-6 0.5 0.7 1.5 1.7 1.8 
22:5 n-3 1.2 1.6 2.4 1.4 1.6 
22:6n-3 (DHA) 11.0 15.8 45.4 58.2 59.9 
Total saturated 

(sat.) 17.6 5.8 1.2 0.9 0.8 
Total monounsaturated 

(mono.) 48.5 45.9 13.2 7.0 4.6 
Total sat., mono. 66.1 51.7 14.5 8.0 5.4 
Total SA, EPA, DHA 22.7 32.1 74.3 91.0 94.0 
Total fatty acid yield 100 33.3 26.4 20.8 19.8 
SA, EPA, and 

DHA Yield 100 47.1 86.2 83.2 82.1 

aSA, stearidonic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic 
acid. 

NaOH [ 120 g NaOH and 1.25 g ethylenediaminetetraacetic 
acid (EDTA) dissolved in 400 mL water and 400 mL ethanol, 
96%]. Fatty acid recovery was as described by Molina Grima 
et al. (23). 

Microalgal biomass. Lyophilized biomass of the marine 
microalga L galbana was used as an oil-rich substrate, which 
contains a high proportion of PUFA (24,25). Culture condi- 
tions were as previously described (23). 

Fatty acid extraction from biomass. Lyophilized biomass 
(5 g) was treated with 380 mL of freshly prepared hex- 
ane/ethanol (96%) (1/2.5, vol/vol) containing 8 g of KOH, for 
lipid extraction and simultaneous saponification. Extrac-  
tion/saponification was carried out at room temperature for 8 
h with constant agitation in a nitrogen atmosphere. Un- 
saponifiabte separation, fatty acid obtention, and recovery 
were as described elsewhere (23). 

Fractionation with urea. Fatty acids (25 g) were added 
while stirring constantly to a hot (65-70°C) solution of 25, 
50, 75, or 100 g of urea (urea/fatty acid ratios of 1:1, 2:1, 3:1, 
and 4:1, respectively) and 67, 133, 200, and 267 mL 
methanol, respectively (urea/methanol ratio of 373 g/L). The 
solution was heated and stirred until clear. Urea and urea 
compounds were allowed to crystallize overnight at a con- 
stant temperature between -36°C and 36°C. After filtration 
under vacuum, the liquid phase was evaporated to a small vol- 
ume in a vacuum rotary evaporator at room temperature. The 
concentrate was then mixed with 125 mL 0.1 N HC1 and 125 
mL hexane, and the hexane layer was separated. The lower 
layer was extracted again with 50 mL hexane, and the com- 
bined hexane phases were evaporated. Concentrates dissolved 
in hexane, with octyl gallate (0.01%, on a fatty acid base) as 
a stabilizer, were stored in nitrogen at -20°C until use. 

PUFA fractionation by HPLC. Analytical and semi-prepar- 
ative HPLC was performed with a Beckman instrument 
(Beckman Instruments, Inc., San Ramon, CA) with "diode 
array" detector and Pharmacia (Uppsala, Sweden) fraction 
collector. A 217-nm wavelength was selected, based on max- 
imal absorption of spectra obtained with EPA and DHA sam- 
ples from Sigma Chemical Co. (St. Louis, MO), which were 
also used as standards to obtain the retention time for each 
fatty acid. 

Separation methods were developed in a Beckman (Ultra- 
sphere) reverse-phase (RP), C18, 5-~m particle size, 8-nm 
pore, 4.6 mm i.d. x 25 cm (analytical) column. The semi- 
preparative isolation was performed on a Beckman RE C18, 
5-~m, 8-nm pore, 10 mm i.d. x 25 cm column. A 4.6 x 45 mm 
precolumn was sometimes used to protect the main columns. 
Isocratic elution with methanol/water (1% AcH) ratios of 
90:10, 85:15, and 80:20 (w/w), and ethanol/water (1% AcH) 
ratios of 80:20, 75:25, and 70:30 (w/w) was used. All prod- 
ucts were HPLC quality (Merck, Darmstadt, Germany), and 
water was distilled and further purified by adsorption, deion- 
ization and filtration in a Milli-Q system (Millipore Co., Bed- 
ford, MA). Aqueous and organic solvent were filtered through 
0.2- and 0.5-~m Millipore filters, respectively, and degassed 
prior to use. The analytical-scale flow rates ranged from 0.25 
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to 1.25 m L / m i n  for methanol /wate r  and 0 .15-0 .4  m L / m i n  for  

ethanol/water.  Semi-prepara t ive  co lumn  f low rates were  up to 

3.5 mIdmin and 2 mL/min for methanol/water and e thanol /water ,  

respect ively .  Pr ior  to fat ty acid analysis ,  the m e t h a n o l / w a t e r  

phase  was r e m o v e d  in a v a c u u m  e v a p o r a t o r  or  in n i t rogen .  

Fo r  ethanol/water,  fatty acids were extracted f rom the mob i l e  

phase  (20 mL)  four  t imes  with 5 m L  o f  hexane.  

The  ul taviolet  (UV)  spectra o f  fatty acid standards and iso- 

lated fractions were  compared  to de termine  possible  conjuga-  

t ion due to degradat ion ,  which  wou ld  have  g iven  an absorp-  

tion d isplacement  peak of  around 234 -237  nm (dienes) or  268 

nm (trienes) (26). 

Analysis of the fatty acids. Fat ty  ac ids  in f e e d s t o c k  and 

f rac t ions  were  a n a l y z e d  by cap i l l a ry  gas  c h r o m a t o g r a p h y  

(GC)  to de te rmine  puri ty (% w / w  o f  fatty acid) and yie ld  re-  

cove red  (fatty acid in fraction/fat ty acid in sample).  Methyla-  

t ion and methyl  ester  analysis have been  descr ibed e l sewhere  

(23). 

RESULTS A N D  D I S C U S S I O N  

The  fat ty  ac id  p rof i l e  o f  L galbana is g i v e n  in Table  2. 

The  total fatty acid content  o f  b iomass  is 9 .5% of  dry weight .  

The  p ro f i l e  o f  fa t ty  ac id  so lu t ion  ob ta ined  by ex t rac-  

t i o n - s a p o n i f i c a t i o n  f r o m  the b iomass ,  w h i c h  is s imi la r  to 

the b i o m a s s  prof i le ,  is a l so  g i v e n  in Table  2. T h e  fat ty  

ac id  ex t r ac t ion  y ie ld  was  7 5 % ,  based  on the rat io  b e t w e e n  

the con t en t  o f  all fa t ty  ac ids  ob ta ined  and the total  fa t ty  

ac id  con ten t  o f  the ini t ia l  b iomass ,  as de sc r ibed  e l s e w h e r e  

( 2 3 ) .  

Enrichment in n-3 PUFA by urea fractionation. The  goa l  

o f  this study has been  to p roduce  P U F A  concent ra tes  r ich in 

SA,  EPA,  and D H A ,  and to ob ta in  the larges t  ove ra l l  y ie lds  

possible .  This  was o p t i m i z e d  with  cod  l ive r  oil ,  and the best  

expe r imen ta l  condi t ions  (urea/fa t ty  acid  ratio and f inal  t em-  

pera ture  o f  c rys ta l l i za t ion)  w e r e  app l ied  to fat ty ac ids  f r o m  

the mar ine  microa lga  L galbana. 

TABLE 2 
Fatty Acid Composition (A) and Yield (B) of Isochrysis galbana Biomass, Fatty Acid Extract, Urea Concentrate, 
and HPLC Fractions a 
A 

HPLC fract ions 

U rea 

Fatty ac id Biomass Extract concentrate SA EPA D H A  

14:0 10.1 10.7 0.3 - -  - -  - -  

16:0 20.3 t 8 .9  0.2 1 .t - -  - -  

16:1n-7 2 t . 4  23.3 4.3 - -  - -  - -  

18:0 0.7 0.5 1.5 1.1 - -  - -  

18:1 n-9 1,4 1.7 0.2 ---  - -  - -  
18:1n-7 3.6 3.2 0.8 - -  - -  - -  

18:2 n-6 0.9 0.9 0.2 - -  - -  1.4 

18:3n-6 0.2 0.2 0.4 - -  2.1 - -  

20:0 0.0 O. 1 0.2 - -  - -  - -  
18:3n-3 1.2 1.3 0.8 - -  2.0 - -  
20:1 n-9 0.2 0.3 0.3 - -  - -  - -  
18:4n-3 (SA) 6.4 7.3 22.6 94.8 - -  - -  
20:3n-6 0.4 0.2 0.2 - -  - -  - -  
22:0 0.0 0.1 0.1 - -  - -  - -  
20:4n-6 0.7 0.7 1,1 --- - -  3.7 
22:1n-11 0.1 0.1 0.1 - -  - -  - -  
22:1 n-9 0.0 0.1 0.1 - -  - -  - -  

20:5n-3 (EPA) 22.6 22.4 39.4 - -  96.0 - -  
24:0 0.0 0.1 0.t - -  - -  - -  
22:4n-6 1.3 1.3 3.6 - -  - -  - -  
22:5n-3 0.2 0.1 0.1 - -  - -  - -  
22:6n-3 (DHA) 8.4 6.8 23.4 - -  - -  94.9 

B 
Yield (%) SA EPA D H A  

Extract 6 92.5 80.1 65.2 

Urea concentrate c 71.6 54.3 100 

SA fract ion d 100 - -  - -  

EPA f ract ion d - -  99.6 - -  

D H A  fract ion d - -  - -  94.0 

Overa l l  y ie ld  (%) 66.2 43.3 61.3 

aAbbreviations as in Table 1. HPLC, high-performance l iquid chromatography. 

bObtained by direct saponification of  biomass (Ref. 25). 

CUrea/fatty acid ratio 4:1 and crystall ization temperature, 4°C. 

dMobile phase M e O H / H 2 0  (80:20, w/w), mass load 9.49 mg and f low rate 3 mL/min. 
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Enrichment  o f  SA,  EPA, and D H A  depends  on the 
urea/fat ty acid  ratio (Table 1). Concentra t ion of  n-3 PUFA 
and overal l  y ie ld  vary inverse ly  with increasing urea/fat ty 
acid ratios. Whi le  4:1 is the most appropriate,  no significant 
differences are observed between 3:1 and 4: I.  These results 
are in agreement with those of  Traitler et al. (27), Wille et al. 

(6) and Ratnayake  et al. (16), and are reinforced by the fact  
that urea binds fatty acids in a ratio of  approximate ly  3:1 by 
weight. An  increase in this ratio favors the formation of  urea 
compounds all the more as their stability increases (28). 

In another  set of  f ract ionat ions,  temperature  var ia t ion 
showed that 4°C seemed to be opt imum (see Table 3). A fur- 
ther decrease in the crystallization temperature was accompa- 
nied by a decrease in concentration and in yield.  The overall  
yield of  fatty acids increases with temperature, which is a log- 
ical result  because the tendency to form urea compounds in- 
creases when the temperature  decreases  (28). The low n-3 
PUFA recovery at low temperature demonstrates that be low 
-4°C,  n-3 PUFAs also form urea compounds in high propor-  
tions. Among the three fatty acids of  interest, it is noteworthy 
that the EPA concentra t ion factor (fatty acid concentra t ion 
ratio after and before urea) is lower than that of  SA and DHA 
in all the concentrates  prepared.  These  results  are in agree- 
ment with those of  Haagsma et al. (17) and Ratnayake et al. 

(16), who pointed out  the strong tendency of  EPA to form 
urea compounds. 

The best  exper imental  condit ions (4°C and 4:1 urea/fatty 
acid ratio) led to a concentra te  with 8.5, 25.6, and 59.9% 
of  SA, EPA, and DHA,  respect ively (Tables 1 and 3). These 
condi t ions were then appl ied  to a concentra t ion of  fatty 
acid from the marine microalga I. galbana (Table 2), yielding 
a crude fat ty acid concentra te  o f  22.6, 39.4, and 23.4% of  
SA, EPA, and DHA,  respect ively.  Absorp t ion  peaks were 
observed in the microa lga  concentrate,  but  not in the cod 
l iver oil, at 408 nm due to carotenoids and at 697 nm due to 
chlorophyl ls ,  because  these were not b leached  during the 
process. 

O P T I M I Z A T I O N  OF THE C H R O M A T O G R A P H I C  
SEPARATION: ISOLATION OF SA, EPA, A N D  D H A  
FROM C O D  LIVER OIL  UREA CONCENTRATES 
IN AN ANALYTICAL C O L U M N  

The goal of  the isolat ion is to obtain chromatographic  sep- 
aration, the resolut ion of  which was around one, to scale 
it up, and to produce  SA, EPA, and D H A  fractions of  
purit ies bet ter  than 90-95%.  The initial chromatographic  
steps in the isolat ion deve lopment  process  were performed 
in the analyt ical  column with methanol /water  as the mobile  
phase. To evaluate  the degree of  diff icul ty of  the HPLC 
separat ion of  two components ,  the resolut ion (R) has to 
be determined.  This was chosen as the determining para-  

TABLE 3 
Influence of Temperature on Fatty Acid Composition of Urea Concentrates Obtained with a 4:1 Urea/Fatty Acid Ratio 
from Fatty Acid Extract from CLO a 

Temperature (°C) 

Fatty acid CLO -36  -28  -20  -12 -4  4 12 20 28 36 

14:0 4.2 3.0 3,7 0.7 1.6 1.5 0.7 1.0 0.3 0.9 0.4 
16:0 10.6 1.5 2.7 0.3 0.0 0.0 0.0 0.0 0.2 0.3 0.0 
16:1 n-7 7.8 10.8 9.3 5.4 0.0 2.9 3.2 1.4 0.8 2.5 8.6 
t8:0 2.6 0.6 0.3 0.9 1.6 1.3 0.0 0.8 2.1 0.9 0.6 
18:1 n-9 17.0 21.2 17.7 3.9 0.7 0.6 0.7 0,7 0,5 0.7 3.5 
18:1 n-7 4,6 6,9 6.6 2.2 0.0 0.0 0.0 0.6 0.0 0.0 1.6 
18:2 n-6 1.5 2.1 1.8 1.6 0.0 0.0 0.7 0.7 0.7 1.7 2.9 
18:3n-6 0.2 0.4 0.2 0.8 0.0 0.0 0.5 0.5 0.6 0.4 0.4 
18:3n-3 0.8 0.2 0.9 1.9 0.6 0.6 0.6 0.6 0.8 1.3 1.7 
20:1 n-9 10.8 1.1 1.5 1.2 0.0 0.0 0.8 0.2 0.6 0.4 0.4 
18:4n-3 (SA) 2.4 8.2 8.4 9.2 13.I 11.5 8.5 8.8 8.5 8.1 7.2 
20:4n-6 0.5 0.8 0.6 2.7 0.0 0.5 1.0 0.8 1.2 1.1 1.2 
22:1 n-11 8.3 3.3 4.5 0.3 0.6 0.6 0.0 0.0 0.0 0.3 0.3 
22:1 n-9 0.1 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20:5n-3 (EPA) 9.4 12.4 1 t .2 16.4 17.7 14.9 25,6 26.1 29.5 28.7 25.4 
22:4n-6 0.5 0.8 0.7 1.2 1.7 1.3 1.8 2.3 1.8 1.7 1.4 
22:5 n-3 1.2 1.6 1.4 1.6 0,0 0.5 1.6 1.2 1.8 2.5 2.8 
22:6n-3 (DHA) 11.0 14.5 18,0 31.8 58.5 54.7 59.9 41.5 45.1 38.2 31.6 
Total sat. 17.6 5.1 6.8 1.9 4.5 2.7 0.8 2.0 2.7 2.1 1.0 
Total mono. 48.5 43.1 40.4 12.9 1.3 4.1 4.6 2.9 1.9 3.9 14.3 
Total SA, EPA, 

and DHA 22.7 35.0 37.7 57.4 89,3 81.2 94.0 76.4 83.0 75.0 64.2 
Total fatty 

acid yield 100 9.2 10.3 11.3 13.6 19.1 19.8 22.3 22.5 24.7 26.4 
SA, EPA, and 

DHA yield 100 14.1 17.1 28.6 53.7 68.2 82.1 75.0 82.3 81.6 74.6 

aAbbreviations as in Table 1. 
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meter in selecting the optimum experimental conditions 
for scale-up, as for R = 1, separation is around 98% and for R 
= 1.5 it is complete (29). Resolution may be calculated by: 

R = 2(tR2 -tR1)/(At I + At2) [1] 

where tRl and tR2 are the retention times of two compounds 
and At~ and At 2 are the corresponding peak widths, measured 
at the base line. Resolution thus takes into account thermody- 
namic and kinetic effects, which affect the separation between 
peaks. 

Influence o f  f low  rate. Flow rate had no effect on R in the 
separations carried out with methanol/water (85:15) (Table 
4). R remained constant within the range of flow rates tested, 
so that although differences of retention time decreased with 
increasing flow rate, peak width also decreased in the same 
proportion (Eq. 1). Consequently, as long as the resolution is 
acceptable, a high flow rate will be useful to reduce operation 
time. So operation at the highest flow rate (given by maxi- 
mum column pressure) is advisable, 

Mass load study. A load study was performed to assess the 
maximum possible load that could be scaled up. Table 4 
shows the effect of mass load on resolution. A logical de- 
crease in resolution was observed at increasing mass loads. 

Resolutions lower than 1 for mass loads over 0.42, 1.11, and 
1.39 mg with methanol/water at 90:10, 85:15, and 80:20, re- 
spectively, indicate overlapping, which reduces fraction pu- 
rity. Because the aim of this research is to obtain maximum 
SA, EPA, and DHA yields and purities, the mass load scale- 
up was approximately that mentioned above for each mobile 
phase. Of course, it would be possible to scale-up to higher 
mass loads, but at the cost of resolution, yield, and purity. 

Mobile-phase composition. Logically, resolution increased 
with decreasing methanol concentration, i.e., proportional to 
the eluent power of the mobile phase. At 80:20, the highest 
resolutions were obtained (Table 4) and the greatest loads 
could be separated. 

Ethanol~water mobile phase. First of all, flow rates were 
lower than those used for methanol/water (Table 4), which is 
due to the higher viscosity of ethanol as well as to to the 
higher pressure required. The mass loads were much lower in 
this mobile phase, that is, the resolution at similar experimen- 
tal conditions was lower than with methanol/water. This was 
due to the fatty acid partitioning equilibrium between the sta- 
tionary phase and the mobile phase, which is displaced more 
toward the mobile phase with ethanol/water. Moreover, in this 
case, the SA, EPA, and DHA partitioning constants were low 
and, thus, retention times were also low, as were resolutions. 

TABLE 4 
Effect of Mobile Phase Flow Rate (top), Mass Load and Mobile Phase Composition (middle), 
and Mobile Phase Type (bottom) on Resolution 

Mobile phase 
composition 

Mobile phase MeOHa/H20 (1%AcH) 
(85:15 w/w) load, 1.11 mg 

Flow rate 
(mL/min) 

Resolution 

SA EPA EPA-DHA 
0.50 1.4 2.2 
0.75 1.4 2.1 
1.00 1.2 2.t 
1.25 1.3 2.1 

Flow rate 
(mL/min) 

Load 
(mg) 

Resolution 
SA-EPA EPA-DHA 

MeOH/H20 
(90:t 0, w/w) 

MeOH/H20 
(85:15, w/w) 

MeOH/H20 
(80:20, w/w) 

0.75 

0.75 

0.60 

0.42 1.2 1.4 
0.74 0.8 0.7 
1.11 0.8 0.6 

1.11 1.5 2.1 
1.39 0.8 1.0 
1.86 1.1 0.9 

1.11 2.0 2.0 
1.39 1.4 1.7 
2.22 0.9 1.3 

Mobile phase Flow rate 
composition (mL/min) 

Load 
(rng) 

Resolution 
SAEPA EPA-DHA 

MeOH/H20 
(80:20, w/w) 0.6 1 .I 1 2.0 2.0 

EtoHb/H20 
(80:20 w/w) 0.3 0.42 0.9 0.6 

aMethano]. 
bEthanol. All other abbreviations as in Table 1. 
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Semi-preparative scale separation. Alte r  determining the 
maximum analytical column loads, direct mathematical scale- 
up was calculated with the following formulae for the sample 
load (m) and flow rate 09 scale-up ratio: 

m = L 2 "  D~2/(L1 ° D 2) [21 

f=  D2/D 2 [31 

where D 2 is the diameter of the larger column and L 2 is its length; 
D 1 is the d iameter  of  the analyt ica l  co lumn and L 1 is its 
length. 

Separations in which mobile-phase resolution was close to 
1 and loads were greatest were scaled up. Yields and purities 
are shown in Table 5, including exper imenta l  condi t ions of  
the corresponding analytical and semi-preparative scales. The 

f low rates were the highest  permiss ib le ,  given the pressure 
drop in the column in each mobi le  phase.  F igure  1 shows 
these chromatograms for the methanol /water  mobi le  phase 
and the corresponding cut-off point  for each fraction obtained 
with the criteria that yields should be close to 100%, with purity 
as high as poss ib le  and resolut ion c lose  to 1. Yields with 
ethanol/water seem abnormally low, which can only be due to 
nonquantitative extraction of fatty acids from HPLC fractions. 

The largest yields, purest fractions, and greatest loads were 
obtained with methanol/water 80:20. The most outstanding is 
one fraction which had an EPA yield of  99.3% and purity of  
94.3%. The purities obtained are among the highest reported 
by several authors (6,14,22,27,30,31) (Table 6). However, the 
compar ison  is incomple te  because  only Tokiwa et al. (30) 

TABLE 5 
Scale-Up of Polyunsaturated Fatty Acids Isolation by HPLC a 

.... Analytical scale Semi-preparative scale 

Mobile Flow rate Load Resolution Flow rate Load SA EPA DHA 
phase (mL/min) (mg) SA-EPA EPA-DHA (mL/min) (mg) Purity Yield Purity Y i e l d  Purity Yield 

MeOHb/H20 (90:10) 0.75 0.416 1.19 1.40 3.5 1.94 93.2 93.3 88. I 89.8 80.5 84.4 
MeOH/H20 (85:15) 0.75 1.386 0.80 1.01 3.5 6.65 85.5 81.5 93.6 97.6 84.9 95.4 
MeOH/H20 (80:20) 0.60 2.218 0.94 1.32 3.0 10.53 9t .9 98.4 94.4 99.3 84.6 96.6 
EtOHC/H2 O (80:20) 0.30 0.138 1.11 t .06 1.5 0.693 87.3 87.7 87.4 88.6 72.2 81.7 
EtOH/H20 (75:25) 0.30 0.416 1.74 0.96 1.5 1.386 84.5 78.2 90.3 79.7 79.6 70.5 
EtOH/H20 (70:30) 0.40 0.564 2.05 0.71 2.0 2.771 69.7 76.4 91.3 85.1 79.5 100 

aOn the left, analytical-scale resolutions to be scaled-up. On the right, yields (%) and purities (%) for SA, EPA, and DHA fractions isolated at semiprepara- 
tive scale from a concentrate of cod liver oil. Experimental conditions have been included. Abbreviations as in Tables 1 and 2. 
bMethanol. 
~Ethanol. 

TABLE 6 
Comparison of Purities of Polyunsaturated Fatty Acids-Enriched Fractions Obtained by HPLC a 

Tokiwa et at. VVille et al. Perrut Grant 

(30) (6) (31 ) (22) 

Traitler et al. Cohen and Cohen 

(27) (14) 

Source Fish oil Fish oil Fish oil Fish oil 
Concentrate Urea method Urea method Urea method Urea method 
Sample Methyl esters Fatty acids Ethyl esters Derivatized fatty acids 
Load (g) 10 90 136 30 
SA (%) - -  7.2 - -  
EPA (%) 30 36.8 46.7 
DHA (%) 30 40.9 30.5 - -  
GLA (%)b 

Column C18 reverse C18 reverse C18 reverse C18 reverse 
DixL (cm) 5.7 x 30 20 × 60 30 x 30 10 x 60 
Particle size (gm) 50-100 55-105 12-45 15-30 

Mobile phase THFd/MeOH/H2 0 MeOH~YH20 MeOH/H20 EtOH(/H20 
Composition (25:55:20, vol/vol/vol) (90:10, w/w) (90:10, w/w) (80:20, w/w) 
Flow (mL/min) 150 1200 3333 225 

Separation (min) 50 50 19 160 

Detector RIg RI RI UV at 245 nm 

Fractions (%) 
SA - -  93.1 - -  
EPA 91.0 (66.7%) i 85.6 91-96 97 
DHA 85.5 (53.3%) i 83.1 75-85 92 
GLA 

Seed oil Microalgal lipids 
Urea method Urea method 
Fatty acids Methyl esters 
2 0.001 
16.6 
- -  8 1 . 9  

80.2 . . . . . .  

C18 reverse C18 reverse c 
5.7 × 30 (two columns) 
55-105 

MeOH/H20 CH3CN/H20 
(90:10, w/w) (gradient) 
t50 5 

2O 

RI GC h 

46.3 
- -  97.3 

95.4 

aAbbreviations as in Tables I and 2. References in parentheses. 
bT-Linolenic acid. 
CE[ution at atmospheric pressure. 

dTetrahydrofuran. 
eMethanoI. 
rEthanol. 

gRefractive index. 
hGas chromatography. 
/Values in parentheses corresponding to fatty acids 

yields for HPLC separation. 
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FIG. 1. Separation of stearidonic acid (SA), eicosapentaenoic acid (EPA), 
and docosahexaenoic acid (DHA) from cod liver oil. Semi-preparative 
column (1 x 25 cm, 5 ~tm, reverse phase C1~). Mobile phase: 
MeOH/water (1% AcH): A, 90:10 w/w. Flow rate 3.5 mL/min. Mass 
load 1.94 mg of polyunsaturated fatty acids (PUFAs). B, 85:15 w/w, 3.5 
mL/min, 6.65 mg. C, 80:20 w/w, 3 mL/min, 10.53 mg. Purities and 
yields are shown in Table 5. 

gave fatty acid yields for HPLC separations, and these were 
low. From their chromatograms, yields obtained by the rest 
of authors cited in Table 6 might be expected to be even 
lower. Unfortunately, there are few publications that report 
the yield as well as the purity, making a comparative study 
difficult. A low yield is not important if the concentrate is cheap, 

2 .5  

SA C 

2.0 ~ /  EPA 

DHA 

1.5 

i 1 . 0  

0 . 5  
! 

0 . 0  
0 5 10 1S 20 2S 30 3S 40 4S SO SS 60 

Time (mln) 

FIG. 2. Separation of SA, EPA, and DHA from the marine microalga 
Isochrysisgalbana biomass. Semi-preparative column (1 x 25 cm, 5 l.tm, 
reverse-phase C 18 ). A, MeOH/water (1% AcH) 80:20 w/w, flow rate 3.0 
mL/min, mass load 9.49 mg of PUFA B EtOH/water (1% AcH) 70:30 
w/w, 2.0 mL/min, 2.77 mg. C, EtOH/water (1%AcH) 70:30 w/w, 1.5 
mL/min, 2.77 mg. Purities and yields are shown in Table 7. Ultraviolet 
spectrum of the enriched fraction on C is compared with those of sigma 
patterns in Figure 3. The difference between SA, EPA, and DHA reten- 
tion time from cod liver oil and I. galbana biomass under identical chro- 
matographic conditions (Figs. 1C and 2A) is due to the use of a precol- 
umn (4.6 x 45 mm) to protect the semi-preparative column. Abbrevia- 
tions as in Figure 1. 

as is the case with fish oil PUFA concentrates, but the situa- 
tion is different when the source material is expensive. 
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TABLE 7 
Yields and Purities for SA, EPA, and DHA Fractions Isolated at Semi-Preparative Scale from a Concentrate of Isochrysis galbana Fatty Acids a 

SA EPA DHA 

Mobile phase Flow' rate (mL/min) Load (mg) Purity YieLd Purity Yield Purity Yield 

MeOH/H20 (80:20) 3.0 9.49 94.8 100.0 96.0 99.6 94.3 94.0 
EtOH/H20 (70:30) 2 . 0  2 . 7 7  - -  - -  90.8 80.0 90.7 84.0 
EtOH/H20 (70:30) 1.5 2 . 7 7  88.7 76.3 92.0 84.0 92.0 8 7 . 7  

aExperimental conditions have been included. Abbreviations as in Tables 1 and 2. 
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FIG. 3. Comparison between ultraviolet spectrum of sigma standards and the enriched fractions of stearidonic acid (SA), eicosapentaenoic acid 
(EPA), and docosahexaenoic acid (DHA) as shown in Figure 2C. Sigma patterns: A, SA; B, EPA; C, DHA: Fractions: D, SA; E, EPA; F, DHA. 

SA, EPA, A N D  D H A  C H R O M A T O G R A P H I C  
ISOLATION FROM PUFA CONCENTRATE OF 
THE MARINE  M I C R O A L G A  I. GALBANA 

These separations were carried out with mobile phases of lower 
eluent capacity (methanol/water, 80:20, and ethanol/water, 70:30) 

JAOCS, Vol. 72, no. 5 (1995) 

to facilitate the separation of the greater amounts of PUFA in 
highly pure fractions with large yields. Table 7 shows the re- 
sults obtained and Figure 2, the chromatograms. The chro- 
matograms show a large number of compounds at short re- 
tention times. However, the GC analysis of these concentrates 
does not reveal any fatty acids other than those found in cod 
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liver oil concentrates. Therefore, other components,  mainly 
pigments, are strongly absorbent at the wavelength used (32). 
The UV spectrum of fractions obtained were, in almost all 
cases, like the patterns (Fig. 3), which shows that during the 
purification process there was no degradation of  the fatty 
acids. 

Table 7 shows the good results obtained with methanol/water 
(80:20), producing an almost 100% yield of  96% pure EPA. 
However,  purities and yields obtained with ethanol/water 
(70:30) were slightly lower. Nonetheless, in general, yields 
and purities obtained from microaIga biomass were higher 
than those from cod liver oil (compare Table 5 and Table 7). 

Table 2 summarizes fatty acid composition of  the fractions 
obtained from the semi-preparative separations, as well as the 
composition of  the initial material (biomass, extract and urea 
concentrate). It is difficult to compare these results with those 
found in the literature because there is little published on 
PUFA purification from microalga biomass. Cohen and 
Cohen (14) (Table 6), obtained EPA from Porphiryridium 

cruentum, although their fractionation was done on a chro- 
matographic column at normal pressure and the mass load 
was only 1 mg, which is low compared to ours. 

Table 2 summarizes fatty acid yields in the extraction (23), 
urea concentration, and HPLC fractionation steps, as well as 
the overall yield in n-3 PUFA. The low overall EPA yield is 
due to the low urea concentration EPA yield. This urea con- 
centrate was obtained at 4°C, and the optimum crystallization 
temperature for EPA is 20-28°C (see Table 3). 

These are the first experiments with lipids from I. galbana 
(results shown in Table 2), and major research is still neces- 
sary. By using Equations 2 and 3 for the scale-up ratio of  sam- 
ple mass and flow rate, a commercial preparative column with 
the same packing material as the semi-preparative column 
used in this study would render several grams of  SA, EPA, 
and DHA daily. Such productivities are required to produce 
the large amounts of highly purified PUFA required for clini- 
cal and other studies. 
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