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Abstract
Current research indicates that n-3 polyunsaturated fatty acids (PUFAs) bind to polar lipids (phospholipids and glycolipids) 
seem to exert a greater bioavailability compared to their neutral forms. The aim of this work was to obtain eicosapentaenoic 
acid (EPA) rich polar lipids from the saponifiable lipids (SLs) extracted from the microalga Nannochloropsis sp. (33.4 ± 0.1% 
of EPA; 60 ± 0.6% polar lipids) by fractionation using silica-gel columns and importantly, non-polar and polar (ethanol) non-
toxic solvents. Nowadays, few studies have been conducted towards the extraction and purification of polar lipids. Firstly, 
the solvent type for obtaining the neutral saponifiable lipid (NSL) fraction (ethyl acetate, EA, butyl acetate, BA) and the 
SL/silica-gel, SL/BA, and SL/ethanol ratios were optimized in a small silica-gel cartridge (0.69 g silica gel). The optimized 
conditions were an SL/silica-gel ratio of 22.6 mg/g, an SL/BA ratio of 1.56 mg/mL and an SL/ethanol ratio of 0.312 mg/
mL. Next, the fractionation scale was increased to a column containing 10 g of silica-gel. At this scale, a BA SL fraction 
was obtained with 96.2 ± 0.5% of NSLs, and an ethanol SL fraction containing 97.7 ± 0.3% of polar lipids and 44.9 ± 0.2% 
of EPA. In the ethanol fraction, 86.6 ± 0.2% of the polar lipids and 71.5 ± 0.4% of the EPA from the SL microalgal extract 
were recovered. Consequently, EPA-rich polar lipids were obtained at high yields and purities, which could be used as a 
source of n-3 PUFAs with greater bioavailability than those based on neutral lipids.
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1 Introduction

There is ample scientific evidence on the health benefits of 
omega-3 polyunsaturated fatty acids (n-3 PUFAs), especially 
docosahexaenoic acid (DHA, 22:6n3) and eicosapentaenoic 
acid (EPA, 20:5n3) [1]. These benefits include their abil-
ity to reduce cardiovascular problems [2], decrease triglyc-
eride levels, and increase HDL (high-density lipoprotein, 
“good cholesterol”) levels and anti-inflammatory agents [3]. 
All these benefits, together with the lack of n-3 PUFAs in 
the diets of Western countries [4], explain why the market 
for products rich in these acids is expanding [5]. Whether 
the n-3 PUFAs are used as an ingredient in food, drugs, or 

cosmetics, or are a product in themselves (a nutritional sup-
plement), it is convenient to start from raw materials con-
taining a high concentration of n-3 PUFAs such as fish, krill, 
and microalgal oils.

It is also important to take into account the chemical form 
in which these PUFAs are presented since this influences 
their bioavailability; their technological properties as com-
ponents in food, drugs, and cosmetics; and their oxidative 
stability. Current research indicates that n-3 PUFAs that bind 
to polar lipids, such as phospholipids (PLs) and glycolipids 
(GLs), seem to exert differential bioavailability and biologi-
cal effects when consumed compared to neutral forms of 
n-3 PUFAs [6–8]. Polar lipids are excellent emulsifying 
agents due to their amphiphilic nature, which makes them 
useful both in food products and as excipients for drugs and 
cosmetics [9]. In addition, several studies suggest that n-3 
PUFAs show greater resistance to oxidation when they are 
part of polar lipids [10]. Polar lipids have been described as 
potent bioactive compounds, and therefore, the interest in 
understanding their bioactive mechanisms and the extent of 
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their bioactive potential have increased. Several studies have 
pointed to PLs and GLs, especially those esterified with n-3 
PUFAs, as possessing antioxidant, anti-inflammatory, anti-
obesity, anti-tumor, anti-viral and anti-bacterial activity [11].

Microalgae are the unicellular microorganisms ultimately 
responsible for the n-3 PUFA content in krill and fish. In 
microalgal biomasses, PUFAs are frequently found in a 
higher proportion in polar lipids, which are those that mainly 
form cell membranes (structural lipids) [12]. Multiple bioac-
tivities have been reported for microalgal polar lipids. Thus, 
for example, the anti-inflammatory properties of bioactive 
lipids were evaluated using crude extracts from microalgae 
such as Chlorella vulgaris, Ch. ovalis, Nannochloropsis ocu-
lata, N. granulata, N. oceanica, Phaedactylum tricornutum 
and Amphidinium carterae [11]. Nannochloropsis sp. has 
also received a great attention from researchers in recent 
years due to the complexity and abundance of its lipid struc-
tures. Among other aspects, this species is characterized by 
high EPA contents. Recently, the company Qualitas Health 
(USA) has put Almega®PL on the market, a plant-based 
product derived from Nannochloropsis. It is the first pho-
tosynthetic source of n-3 PUFAs available for human con-
sumption in the USA. Besides offering a natural source of 
EPA alone (25%), it contains polar lipids (15%) rich in GLs 
and PLs, thus providing nutritional characteristics that are 
different from other forms of n-3 PUFAs [13].

According to Conde et al. [11], further investigations are 
needed to obtain complete knowledge of the mechanism of 
action of microalgal polar lipids as bioactive compounds and 
these investigations need isolated compounds. This requires 
specific food grade and environmentally friendly methods 
for extracting and separating microalgal polar lipids need 
to be investigated and employed according to guidelines for 
oral consumption in order to further support such health-
related nutraceutical applications of microalgae-derived 
lipid bioactives. At this respect, several studies obtained 
EPA-rich polar lipids from microalgae by simultaneously 
extracting and fractionating the saponifiable lipids (SLs), 
and by extraction of the SLs followed by a subsequent frac-
tionation. Jiménez Callejón et al. [14] applied a simultane-
ous extraction and fractionation of SLs from the microalga 
Nannochloropsis sp. using low-toxicity solvents. Firstly, 
hexane was used to obtain an NSL lipid-rich fraction (87% 
of the total SLs in this fraction). Secondly, an EPA and 
polar-lipid-enriched fraction was obtained using ethanol (of 
the total fatty acids, 88% of SLs were polar lipids and up to 
35% EPA). Other authors separated the lipids using silica-
gel cartridges at large scale after an extraction step. Devos 
et al. [15] separated SLs from the microalga Isochrysis gal-
bana using chloroform to elute the NSLs, chloroform/metha-
nol (5:1 v/v) for the GLs and methanol for the PLs. Anto-
nopoulos et al. [16] obtained purified polar lipids (mainly 
PLs) from the archaeon Thermoplasma acidophilum DMS 

1728/10217 using diethylaminoethyl (DEAE) cellulose col-
umn chromatography with chloroform/methanol 7:3 (v/v) 
as the eluent. However, low and high-toxicity solvents were 
used in these works; such solvents would not be suitable for 
use in the food industry, where processes using non-toxic 
or GRAS (Generally Recognized as Safe) solvents need to 
be developed. Jiménez Callejón et al. [17] used these types 
of solvents along with newer techniques such as supercriti-
cal fluid extraction (SFE) and pressurized liquid extraction 
(PLE) to obtain EPA and polar-lipid-enriched fractions from 
Nannochloropsis sp. biomass. The best results were obtained 
carrying out an initial NSL extraction by SFE using  CO2 
with 10 wt% ethanol as the co-solvent, at 35 MPa, 50 °C, 
a flow of 8 g  CO2/min, and an extraction time of 8 h; this 
procedure obtained a lipid fraction containing 70% of NSLs. 
Subsequently, in the second extraction step with pressurized 
ethanol, at 10 MPa, 125 °C, and three extraction cycles of 
5 min, an SL extract containing 85% of polar lipids and up 
to 39% of EPA was obtained. This SL extract contained 77% 
of the GLs, 71% of the PLs, and 62% of the EPA from the 
microalgal biomass. By a similar procedure, Monte et al. 
[18] recovered the 94% of polar lipids from the microalga 
Dunaliella salina using heptane, an ethanol–water mixture 
and acetone.

A further aim of this work was to obtain EPA-rich polar 
lipids from the microalga Nannochloropsis sp. by fraction-
ating the SLs previously extracted by PLE using silica-gel 
column chromatography and non-toxic solvents. Firstly, the 
fractionation was developed in small silica-gel cartridges; 
once the optimal conditions were determined, the fractiona-
tion scale was increased 14.5-fold. This method was com-
pared with the results obtained in the previous works that 
also used low-toxicity or non-toxic solvents. To the best of 
our knowledge, few studies have analyzed lipid fractionation 
by column chromatography using non-toxic solvents.

2  Materials and methods

2.1  Microalgae and chemicals

Lyophilized biomass from the microalga Nannochlorop-
sis sp. was purchased from Monzón Biotech S.L. (Huesca, 
Spain). This microalga was chosen for its EPA and polar-
lipid-rich lipid fraction. The complete lipid composition is 
described in Section 3.1. “Extraction of SLs from the micro-
algal biomass: composition of the extracted SLs.”

The solvents used were ethanol (96% v/v), hexane (95%), 
ethyl acetate (99.8%), n-butyl acetate (99.5%), acetone, 
methanol, and chloroform, all of analytical grade, from 
Panreac AppliChem S.A. (Barcelona, Spain). Nonadeca-
noic acid (19: 0) was used as the internal standard in the 
fatty acids analysis by gas chromatography (GC) (Fluka 
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Analytical, Sigma-Aldrich, St. Louis, MO, USA) and acetyl 
chloride as the catalyst in the prior methylation (Fluka Ana-
lytical). Hydrochloric acid (37%, analytical grade) and mag-
nesium chloride 6-hydrate (both from Panreac AppliChem 
S.A) were used for the determination of the total lipids. 
Aluminum oxide (Alumina A-50, Sigma, St. Louis, MO, 
USA) was used for the cell disruption of the microalgal bio-
mass. Finally, silica-gel cartridges were used for the SL frac-
tionation. The Sep-pack Silica Plus Long cartridge (690 mg 
sorbent, 55–105 µm, WAT020520, Waters Corporation, 
Milford, MA) was used for the SL fractionations at small 
scale and for the analytical determinations (Section 2.4.2.) 
while the Sep-pack Silica 35 cc Vac cartridge (10 g sorbent, 
55–105 µm, WAT043355 Waters Corporation, Milford, MA) 
was used for the large-scale SL fractionations.

2.2  Biomass pretreatment and lipid extraction 
from the microalgal biomass

Prior to extraction, 300 g of dry Nannochloropsis sp. bio-
mass was mixed with aluminum oxide (1:1 w/w) and pre-
treated in a bead mill for 4 h (from now on, this mixture will 
be referred to as the sample). The lipids were extracted from 
the pretreated biomass with ethanol using pressurized liquid 
extraction (PLE) in an accelerated solvent extractor (ASE 
100, Thermo-Fisher Scientific, USA). The extraction cells 
used have a volume of 10 mL. Cellulose filters were placed 
in the cells to prevent any clogging of the outlets. In each 
extraction, 5 g of sample (2.5 g of lyophilized microalgal 
biomass along with 2.5 g of aluminum oxide) were used. 
The extractions were conducted at 10.3 MPa and 125 °C. 
The static extraction time (the period in which static extrac-
tion occurs) was set to 5 min and the number of extraction 
cycles to 3. The flush volume was set to 100%, expressed 
as a percentage of the cell volume, divided among the 
number of extraction cycles. The nitrogen purge time was 
60 s. Under these conditions, the ethanol consumption was 
approximately 9.6 mL/g of dry biomass [17].

2.3  Fractionation of extracted SLs by silica‑gel 
chromatography

The lipids previously extracted from the microalgal biomass 
were separated into NSLs and polar lipids (GLs and PLs), 
first at the small scale by eluting the microalgal lipids in car-
tridges containing 0.69 g of silica gel. In a typical experiment, 
ethanol from a sample containing 15.6 mg of SLs (amount 
determined by gas chromatography; GC, 22.6 mg SL/g of 
silica-gel) was evaporated under a nitrogen stream. Then, SLs 
were suspended in 0.5 mL of ethyl acetate or butyl acetate. 
SL/silica-gel ratios between 11.3 mg/g (7.8 mg/0.69 g) and 
33.9 mg/g (23.4 mg/0.69 g) were tested. The samples were 
loaded into a silica-gel cartridge and eluted with 10 mL of 

ethyl or butyl acetate (1.56 mg SL/mL) to try to elute the 
NSLs. SL/ethyl or butyl acetate ratios between 0.26 mg/
mL (7.8 mg/30 mL) and 2.23 mg/mL (15.6 mg/7 mL) were 
tested. Then, 50 mL of ethanol were used to try to collect the 
polar lipids (GLs and PLs) (0.312 mg SLs/mL). SL/ethanol 
ratios between 0.312 mg/mL (15.6 mg/50 mL) and 0.52 mg/
mL (15.6 mg/30 mL) were tested. The GC analysis of each 
fraction gave the SLs recovered and the fatty acid profile of 
each fraction. The analytical fractionation into NSLs, GLs, 
and PLs, following the method described in Section 2.4.2. 
“Determination of neutral saponifiable lipids (NSLs), gly-
colipids (GLs) and phospholipids (PLs),” gave the percentage 
of each lipidic class with respect to the total SLs and the fatty 
acid profile of that fraction (NSLs, GLs, and PLs).

Once the optimal conditions were determined at the small 
scale, the fractionation scale was increased approximately 
14.5-fold, carrying out the fractionation in a 10 g silica-gel 
column. Prior to each fractionation, the column was con-
ditioned using 30 mL of butyl acetate. In a typical experi-
ment, ethanol from a sample containing 225.4 mg of SLs 
(determined by GC; 22.5 mg SL/g of silica-gel) was evapo-
rated under a nitrogen stream. Next, SLs were suspended in 
15 mL of butyl acetate. The samples were loaded into the 
silica-gel column and eluted with 145 mL of butyl acetate 
(1.55 mg SL/mL) to try to elute the NSLs, and next with 
725 mL of ethanol to try to collect the polar lipids (GLs and 
PLs) (0.311 mg SL/mL).

2.4  Analytical methods

2.4.1  Determination of the total lipid (TL), saponifiable 
lipid (SL), and fatty acid composition

TLs comprise both SLs (lipids containing fatty acids) and 
non-saponifiable lipids. SLs comprise neutral saponifiable 
lipids (NSLs, such as acylglycerols) and polar lipids (such as 
glycolipids, GLs, and phospholipids, PLs). The TL content 
of the microalgal biomass was determined using the Kochert 
method [19], which is based on the extraction of lipids from 
lyophilized biomass with chloroform/methanol (2:1 v/v), the 
final step of which involves weighing.

The SLs were determined by direct transesterification of the 
lipids in the microalgal biomass to transform all the SLs into 
fatty acid methyl esters (FAMEs), which were then analyzed 
by gas chromatography (GC). To determine the SL content of 
the biomass samples, lyophilized algal biomass (three 10 mg 
samples) was directly transesterified in the presence of 1 mL 
of hexane and 0.125 mg of internal standard (nonadecanoic 
acid, 19:0) using 1  mL of a 1:20 v/v solution of acetyl 
chloride in methanol. The reactions were conducted in tubes 
heated at 105 °C for 20 min for trans methylation. Next, the 
mixture was cooled to room temperature and 1 mL of water 
was added. The tubes were then agitated and centrifuged. Two 
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phases were formed, with the upper one (hexane) containing 
the FAMEs obtained from the SLs present in the microalgal 
biomass. These FAMEs were analyzed by GC following the 
method described by Rodríguez et al. [18]. This analysis was 
carried out in an Agilent Technologies 6890 N chromatograph 
(Santa Clara, USA) equipped with a capillary column of fused 
silica OmegaWax™ (0.25 mm × 30 m, 0.25 μm standard film, 
Supelco, Bellefonte, PA) and a flame ionization detector 
(FID). Nitrogen was the carrier gas at a flow rate of 58.1 mL/
min and a split ratio of 1:40. The injector and detector 
temperatures were set at 250 and 260 °C, respectively. The 
oven temperature was initially set at 150 °C for 3 min, then 
programmed to increase to 240 °C at a rate of 7.5 °C/min 
and then set at 240 °C for 12 min. This analysis gave the 
SL content per unit mass of dry biomass and the fatty acid 
composition of microalgal SLs. The fatty acid composition 
of the SLs, including the EPA content, was determined 
by comparing the retention times to those of the PUFA-3 
Menhaden oil standard (Supelco, Bellefonte, PA, USA), 
analyzed under the same conditions [20].

The amounts of SLs obtained by pressurized ethanol 
extraction and their fatty acid profile (the weight percent-
age of each fatty acid with respect to the total fatty acids in 
the SL fraction) were determined by methylation and GC 
analysis of the samples. In this case, 0.5 mL of ethanolic 
extract, previously set to a known volume, was firstly dried 
under a nitrogen stream and then mixed with 1 mL of hexane 
before sample methylation (following the procedure previ-
ously described).

The amounts of SLs in each fraction eluted from the 
silica-gel columns and their fatty acid profiles were also 
determined by methylation and GC analysis of the samples. 
Similarly, 0.5 mL of ethyl acetate, butyl acetate, or ethanolic 
fractions were firstly dried under a nitrogen stream and then 
mixed with 1 mL of hexane before sample methylation. The 
SL yield (wt%) in each fraction is defined as the percentage 
of SLs in the fraction with respect to the total SLs contained 
in the original lipidic extract (obtained by PLE). In the same 
way, the EPA yield (wt%) in the fractions is defined as the 
percentage of EPA in the fraction with respect to the total 
EPA amount contained in the original lipidic extract.

2.4.2  Determination of neutral saponifiable lipids (NSLs), 
glycolipids (GLs), and phospholipids (PLs)

The TLs extracted from the microalgal biomass and some of 
the lipidic fractions eluted from the silica-gel columns were 
separated into NSLs, GLs, and PLs following the Kates’ 
procedure [21]. This fractionation was carried out by elut-
ing the microalgal lipids in silica-gel cartridges (Sep-pack 
silica plus long cartridges, 690 mg sorbent, 55–105 μm, 
WAT020520). Samples containing around 10 mg of SLs 
were evaporated under a nitrogen stream and suspended in 

0.5 mL of chloroform. The samples were loaded into the 
silica-gel cartridge and eluted with 30 mL of chloroform 
to collect the NSL fraction. Then, 30 mL of acetone was 
used along with 20 mL of chloroform:methanol (85:15 v/v) 
to collect the GLs; finally, 30 mL of methanol was used to 
elute the PL fraction. GC analysis of all the fractions gave 
the percentage of each lipidic class with respect to the total 
SLs and their fatty acid profile [20].

2.5  Statistical analysis

All the experiments were carried out in triplicate and the 
analyses were carried out in duplicate, so the results were 
expressed as the arithmetic mean ± the standard deviation of 
six analyses. The results were evaluated in terms of ANOVA 
using the Statgraphics 18 software. P-values below 0.05 
were considered statistically significant.

3  Results and discussion

3.1  Extraction of SLs from the microalgal biomass: 
composition of the extracted SLs

The Nannochloropsis sp. microalgal biomass used con-
tained 12.8 ± 0.9 wt% of SLs and 24.1 ± 0.1 wt% of TLs 
(both with respect to the biomass dry weight). The SLs were 
extracted by pressurized ethanol following the extraction 
method detailed in Section 2.2. (Biomass pretreatment and 
lipid extraction from the microalgal biomass). Using this 
procedure, the SLs were extracted with an SL yield of 100 
wt% with respect to the SL contained in the Nannochloro-
psis sp. biomass. The SL purity of this extract was 30 wt%, 
which indicate that, along with the SLs, pressurized ethanol 
extracts important amounts of other lipidic and non-lipidic 
compounds. This high SL yield and low SL purity are due 
to the high solvent power and low selectivity of ethanol as 
an extraction solvent [22], characteristics that can increase 
when the extraction is carried out at high temperature and 
pressure.

Table 1 shows the fatty acid composition of the SLs 
extracted using PLE. There were no significant differences 
between the fatty acid profile of the extracted SLs and those 
of the biomass (data not shown), which indicates that the 
extraction method did not alter the fatty acid profile. For this 
extraction, ethanol was chosen because previous studies have 
demonstrated that the solvent extracts both neutral and polar 
lipids [23]. EPA (20:5n3) accounted for 33.4 wt% of the total 
fatty acids in the extract.

Table 1 shows that the fractionation of SLs extracted 
from the biomass resulted in 40 wt% of the SLs being 
NSLs, 39.2 wt% being GLs, and 20.8 wt% being PLs. This 
table also shows that polar lipids were much richer in EPA 
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(54.9 wt% GLs and 24.2% wt% PLs of the total fatty acids 
in each lipidic class; the average EPA content in the polar 
lipids being 44.3%) than the NSLs (9.8 wt%). This means 
that 87.1% of the total EPA is contained in the polar lipids 
(70.6% in the GLs and 16.5% in the PLs). Polar lipids are 
richer in PUFAs (18:2n6, 20:4n6, and EPA) than NSLs, and 
the latter are richer in saturated and monounsaturated fatty 
acids (14:0, 16:0, 16:1n7, and 18:1n9) than polar lipids. This 
is common in photoautotrophic algae because the PUFAs 
contained within them are mainly accumulated in complex 
polar lipids constituting the cell membranes [24, 25]. The 
EPA distribution between the polar lipids and the NSLs 
found in this biomass means that the polar-lipid concentra-
tion, or the fractionation of SLs into NSLs and polar lipids, 
occurs alongside a certain EPA concentration in the polar-
lipid fraction.

3.2  Fractionation of the microalgal SL extract 
in a small silica‑gel cartridge

The aim of this study was to choose a non-toxic solvent for 
the first fractionation step and to maximize the SL/silica-gel 
and SL/solvent ratios for extracting the NSLs (in the first 
fractionation step) and the polar lipids (in the second frac-
tionation step), maintaining NSL and polar-lipid recoveries 
around 100%. This study was carried out at the small scale 
using a cartridge containing 0.69 g of silica gel.

3.2.1  Influence of the solvent type and SL/solvent ratio 
on the first fractionation step

For analytical purposes, chloroform is the solvent used to 
elute NSLs in the silica-gel cartridge (dielectric constant 
at 25 °C, ε = 4.8). Likewise, hexane (ε = 2.0) is a non-polar 

solvent that is commonly used to extract neutral lipids. 
However, these solvents are classified as “highly hazardous” 
and “hazardous” in the CHEM21 solvent guide of classical 
solvents [26]. For this reason, ethyl acetate and butyl 
acetate were chosen for testing in this fractionation step. 
These solvents are non-polar (ε = 6.0 and 5.1, respectively) 
and are classified as “recommended” in the CHEM21 
solvent guide.

Figure 1 shows the SL yields and the EPA contents of the 
SL fractions obtained in the silica-gel cartridge using the 
non-polar solvents ethyl and butyl acetate, with the objective 
of separating only the NSL fraction of microalgal SLs. In the 
first experiment (an SL/ethyl acetate ratio of 0.26 mg/mL), 
56.4% of the SLs were extracted; however, this percentage is 
higher than the NSL content of the fractionated extract (40%, 
Fig. 1, NSL extract); moreover, its EPA content (25.2%) 
is much higher than the EPA content of the NSLs in the 
microalgal extract (9.8%, Fig. 1, NSL extract). This result 
seems to indicate that, along with the NSLs, an important 
amount of polar lipids were also extracted. For this reason, 
a higher SL/ethyl acetate ratio was tested (0.39 mL/mg). 
However, similar results (with no significant differences) 
were obtained, which could indicate that the ethyl acetate 
solvent is too polar (ε = 6.0 versus ε = 2.0 and 4.8 for hexane 
and chloroform, respectively) to extract only the NSLs. Con-
sequently, we also tested butyl acetate, a solvent with a lower 
polarity (ε = 5.1). Using this solvent, we tested SL/solvent 
ratios of 0.26, 0.39, and 0.78 mg/mL. Figure 1 shows that, 

Table 1  Lipidic composition of the SL extract obtained from Nanno-
chloropsis sp. microalgal biomass using pressurized ethanol extrac-
tion: fatty acid composition (weight percentage of total fatty acids) of 
the saponifiable lipids (SLs) and of each of the lipidic classes (NSLs, 
GLs and PLs) obtained by SL fractionation, and the percentages of 
each of these lipidic classes in the PLE extract (weight percentages of 
total SLs)

Fatty acid SLs (wt%) NSLs (wt%) GLs (wt%) PLs (wt%)

14:0 3.6 ± 0.1 4.4 ± 0.0 4.5 ± 0.0 1.8 ± 0.1
16:0 22.4 ± 0.1 29.4 ± 0.0 18.8 ± 0.0 21.5 ± 0.1
16:1n7 28.3 ± 0.1 42.6 ± 0.0 15.5 ± 0.0 23.5 ± 0.1
18:1n9 4.6 ± 0.1 9.1 ± 0.1 2.5 ± 0.2 10.0 ± 0.1
18:2n6 3.1 ± 0.1 1.9 ± 0.0 0.0 ± 0.0 9.1 ± 0.0
20:4n6 4.6 ± 0.1 1.7 ± 0.0 3.8 ± 0.0 9.9 ± 0.0
20:5n3 (EPA) 33.4 ± 0.1 9.8 ± 0.0 54.9 ± 0.1 24.2 ± 0.0
Percentage of 

lipidic class 
(wt%)

- 40.0 ± 0.2 39.2 ± 0.5 20.8 ± 0.7
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Fig. 1  Influence of the solvent type (ethyl acetate, EA or butyl ace-
tate, BA) and SL/solvent ratio (mg/mL) on the SL yield (wt% of the 
SL in the microalgal extract) and on the EPA content of the extracted 
SLs (wt% of the total fatty acids) in the first fractionation step, with 
the goal of extracting the NSLs (these results are compared with the 
NSL content of the microalgal SL extract, 40%, and the EPA content 
of the NSLs, 9.8%, Table  1, NSL extract). The fractionations were 
carried out in a 0.69  g silica-gel cartridge, loading 7.8  mg of SLs 
(an SL/silica-gel ratio of 11.3 mg/g), which were eluted with 30, 20, 
and 10 mL of ethyl or butyl acetate. The different letters, a, b, c, d and 
a´, b´, c´, d´, show significant differences in the SL yield and the EPA 
content between the NSLs from the microalgal SLs and the extracts 
from the first extraction step, respectively (α = 0.05)
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using the latter, a SL yield of 45.7% was obtained, which is 
only a little higher than the NSL content of the microalgal 
SL extract (40%); furthermore, its EPA content (10.9%) is 
close to the EPA content of the extract’s NSLs (9.8%, with 
no significant differences). These results suggest that, under 
these conditions, the NSLs were separated from the extract 
in their entirety. To verify this, an analytical fractionation 
of the SL fraction was performed, separated with 0.78 mg 
SLs/mL of butyl acetate (Section 2.4.2. “Determination of 
neutral saponifiable lipids (NSLs), glycolipids (GLs), and 
phospholipids (PLs)”). Figure 2 shows that this fraction (the 
butyl acetate fraction) contains 96.8% NSLs, and only 2.7% 
GLs and 0.5% PLs. Therefore, butyl acetate and a SL/solvent 
ratio of 0.78 were chosen to optimize the SL fractionation. 
In this small-scale fractionation, the NSLs contain 9.4% of 
EPA, practically equal to that of the NSLs in the extract 
(9.8%, Table 1). The higher EPA content of the total SL 
fraction (10.9%) is due to the high EPA content of the small 
amounts of GLs extracted (45.3%).

A second elution step of the residual SL extract from the 
first fractionation step was carried out using 50 mL of ethanol 
(0.156 mg of the initial SL/mL of ethanol, ε = 24) in order 
to obtain a polar-lipid-rich fraction. Under these conditions, 
the SL yield obtained in this second elution was 56.4% of 
the initial SLs. Therefore, after the two consecutive extrac-
tion steps, the SLs were eluted quantitatively (an SL yield of 
46.2% with butyl acetate and 56.4% with ethanol). This second 
ethanolic fraction was also analytically fractionated to verify 
that it was rich in polar lipids. Figure 2 shows that this fraction 
(the ethanol fraction) contained 94.3% polar lipids (64.2% GLs 

and 30.1% PLs) and only 5.6% NSLs. This fraction contained 
42.3% of the EPA, which is similar to the EPA content of the 
polar lipids in the microalgal extract (44.3%, calculated from 
the EPA content of the GLs and PLs; Table 1) and higher than 
the EPA content of the SL extract (33.4%; Table 1 and Fig. 2).

These results confirm that SLs extracted from the micro-
alga Nannochloropsis sp. can be fractionated into NSLs and 
polar lipids in a silica-gel column using the non-toxic sol-
vents butyl acetate and ethanol. The concentration of the 
polar lipids occurs together with an appreciable enrichment 
in EPA, which is predictable considering the distribution of 
EPA between the neutral and polar lipids in the microalgal 
biomass (Table 1).

3.2.2  Influence of the SL/silica‑gel ratio

Prior experiments were carried out loading 7.8 mg of the 
SLs into a cartridge containing 0.69 g of silica gel (an SL/
silica-gel ratio of 11.3 mg/g). In order to increase this ratio, 
higher amounts of SLs were loaded into the same small sil-
ica-gel cartridge. In these experiments, the SL/butyl acetate 
and SL/ethanol ratios were kept constant at the previously 
tested values (0.78 and 0.156 mg/mL, respectively) increas-
ing both the amounts of SLs and solvents. It is probable 
that the higher the SL load, the higher the content of polar 
lipids in the NSL fraction eluted with butyl acetate; this is 
because the excess load of SLs will not be retained by the 
stationary phase.

Figure 3 shows that doubling the SL/stationary-phase 
ratio (from 11.3 to 22.6 mg/g) leads to a slight increase in 
the SL yield in the first fractionation step (from 42.3 to 44.8 
wt%, with no significant differences). However, its EPA con-
tent increased appreciably (up to 20.1%), which seems to 
indicate that greater amounts of polar lipids are being eluted. 
A further increase in the SL/stationary-phase ratio (28.2 to 
33.9 mg/g) gave higher SL yields in this first fractionation 
step (48.7% to 53.4%, respectively; Fig. 3). A comparison 
of these SL yields with the NSL content of the microalgal 
extract (40%) suggests that increased amounts of polar lipids 
are eluted in this first step, together with NSLs. For this rea-
son, the SL/stationary-phase ratio of 22.6 mg/g was chosen 
for the subsequent experiments. In the second fractionation 
step using this initial SL/stationary-phase ratio with ethanol, 
the SL yield was 55.1%, and its EPA content was 41.5% 
(Fig. 3). These values are not much lower than the polar-
lipid content of the initial extract, and its corresponding EPA 
content (60% and 44.3%, respectively).

3.2.3  Influence of the SL/solvent ratio 
on both fractionation steps

Once the SL/stationary-phase ratio was optimized 
(22.6 mg/g), increasing the SL/solvents ratio was studied in 
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Fig. 2  Analytical determination of the NSL, GL, PL, and EPA con-
tents of the butyl acetate and ethanol fractions separated in a silica-
gel cartridge (small scale). The results are compared with the NSL, 
GL, PL, and EPA contents of the initial SL microalgal extract. Frac-
tions were eluted with an SL/butyl acetate ratio of 0.78 mg/mL and 
an initial SL/ethanol ratio of 0.156 mg/mL. The different letters, a,b,c, 
d,e,f, g,h,i, and j,k,l, show significant differences in the NSL, GL, PL, and 
EPA content between the initial SL extract and butyl acetate and etha-
nol fractions, respectively (α = 0.05)
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both fractionation steps to save on solvent usage. Figure 4A 
shows that the SL yield decreased as the SL/butyl acetate 
ratio increased. At a 1.56 mg/mL ratio, the SL yield (39.1%) 
was similar to the NSL content of the microalgal SL extract 
(40%, with no significant differences). Likewise, the EPA 
content of this fraction (10.1%) was similar to the EPA con-
tent of the NSLs (9.8%, with no significant differences). At 
a higher SL/butyl acetate ratio, the EPA content was slightly 
higher than the EPA content of the NSLs. Therefore, a SL/
butyl acetate ratio of 1.56 mg/mL was chosen to obtain a 
rich NSL fraction, as indicated by the SL yield, and its EPA 
contents.

An optimization of the SL/ethanol ratio was also carried 
out for the second fractionation step. In these experiments, 
the SL/butyl acetate ratio was kept constant at 1.56 mg/
mL. In the previous experiments, the SL/ethanol ratio 
was 0.156 mg/mL (Fig. 3). Figure 4B shows that the SL 
yield decreased when the SL/ethanol ratio increased from 
0.312 to 0.347 mg/mL and higher values. At a ratio of 
0.312 mg/mL, a SL yield of 61.5% was obtained (similar 
to the polar-lipid content of the SL extract, 60%, with no 
significant differences); this ethanolic fraction contained 
46.2% EPA, which is similar (with no significant differ-
ences) to the EPA content of the polar lipids contained in 
the microalgal lipidic extract (44.3%). Taking into account 
the SL yield obtained with butyl acetate (39.1% with a 

1.56 mg/mL ratio; Fig. 4A), 100% of the SLs loaded into 
the silica-gel cartridge were recovered. At higher SL/etha-
nol ratios, less than 100% of the SLs were recovered. For 
this reason, a ratio of 0.312 mg/mL was chosen to scale 
the fractionation process.

Therefore, for scaling up, SL/butyl acetate and SL/etha-
nol ratios of 1.56 mg/mL and 0.312 mg/mL, respectively, 
were chosen to achieve the highest possible purity in both 
fractions and to try to recover 100% of the microalgal SLs. 
Figure 4 shows that higher SL/butyl acetate and SL/etha-
nol ratios could be used to save on solvents but at the cost 
of obtaining lower purities and yields of NSLs and polar 
lipids in each of the fractions.
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Fig. 3  Influence of the SL/silica-gel ratio (mg/g) on the SL yield and 
on the EPA content obtained in the butyl acetate fraction (the first 
fractionation step) and the ethanol fraction (the second fractiona-
tion step). The results are compared with the NSLs and polar lipids, 
and their EPA contents, in the SL microalgal extract (SL extract; 
Table 1). Fractionations were carried out in the 0.69 g silica-gel car-
tridge, keeping the SL/solvent ratios constant: 0.78 mg/mL for butyl 
acetate and 0.156 mg/mL for ethanol. The different letters, a, b, c, d and 
a´, b´, c´, d´, show the significant differences in the SL yields and in the 
EPA contents between the microalgal SLs and the extracts from the 
first fractionation step, respectively (α = 0.05). The same applies to e, 
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Fig. 4  Influence of the SL/solvent ratio on the SL yield and on the 
EPA content. A Comparing the SL yield and EPA contents of the 
fractions eluted using increasing SL/butyl acetate ratios with the 
NSL content (and its EPA content) of the SL extract. B Comparing 
the SL yield and EPA contents of the fractions eluted using increas-
ing SL/ethanol ratios with the polar-lipid content and its EPA con-
tent of SL extract; fractionation carried out after a first fractionation 
step using 1.56 mg SL/mL of butyl acetate. The different letters, a, b, 

c and a´, b´, c´, d´, show significant differences in the SL yield and the 
EPA content between the NSLs of the microalgal SLs and the extracts 
from the first fractionation step, respectively (α = 0.05). The same 
applies to e, f and e´, f´, g´, h´, which refer to the polar lipids of the micro-
algal SLs and the extracts from the second fractionation step
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3.3  Scaling up the SL fractionation

Once the optimal conditions were determined, the fractiona-
tion was scaled up to a column containing 10 g of silica 
gel. The relationship between the stationary phase amounts 
in both columns (10/0.69 = 14.5) was used as the scaling-
up factor to increase the SL load and solvent amounts. 
The optimized ratios for the SL/silica gel (22.6 mg/g), SL/
butyl acetate (1.56 mg/mL), and SL/ethanol (0.312 mg/mL) 
were likewise scaled up (Figs. 3 and 4). Figure 5 shows the 
results of this fractionation in the 10 g silica-gel column. 
In this case, the amount of SL fractionated was 225.4 mg 
with loaded butyl acetate and ethanol volumes of 145 mL 
and 725 mL, respectively. Regarding the butyl acetate frac-
tion, an SL yield of 41.1% was achieved. This result is simi-
lar (with no significant differences) to that obtained at the 
small scale (39.1%) and to the NSL content of the microalgal 
extract (40%). However, the EPA content was slightly higher 
(16.2% vs 10.1%) at the large scale. With regard to the etha-
nol fraction, Fig. 5 shows an SL yield of 53.2%, lower than 
that obtained at the small scale (61.5%). On the other hand, 
the EPA content (44.9%) was similar to that obtained at the 
small scale and to that of the microalgal polar-lipid EPA 
content (with no significant differences). Again, this result 
seems to indicate that the ethanolic fraction is very rich in 
polar lipids and should have a fatty acid profile similar to the 
one for microalgal polar lipids (Table 1).

To determine the contents of the lipidic species in 
the butyl acetate and ethanol fractions, an analytical 

determination of the NSLs, GLs and PLs was carried out 
(Section 2.4.2, “Determination of neutral saponifiable lipids 
(NSLs), glycolipids (GLs) and phospholipids (PLs).” Fig. 6 
shows that the fraction eluted with butyl acetate was very 
rich in NSLs (96.2% NSLs and only 7.4% GLs and 0.0% 
PLs). This high NSL content means that 98.8% of the NSLs 
contained in the microalgal SL extract were recovered in this 
butyl acetate fraction.

Figure 6 also shows that the ethanolic fraction obtained 
in the large-scale column contained 97.6% of polar lipids 
(64.8% GLs and 32.8% PLs) and only 2.4% of NSLs. This 
high polar-lipid content means that 86.6% of the polar lipids 
contained in the microalgal SL extract were recovered in 
the ethanolic fraction. This fraction contains 44.9% of EPA, 
which is equal to the EPA content of the polar lipids in 
the microalgal extract (44.3%; Table 1), and significantly 
higher than the EPA content of the biomass extract (33.4%; 
Table 1). This result again confirms that polar-lipid separa-
tion occurs along with appreciable EPA enrichment, which is 
predictable considering the lipidic composition of the Nan-
nochorolsis sp. microalgal biomass. This high EPA content 
means that 71.5% of the EPA contained in the microalgal SL 
extract was recovered in this ethanolic fraction along with 
the polar lipids.

Thus, in this work, a simple microalgal lipid fractionation 
method was developed, using a methodology and solvents 
allowed in the food industry, which allows obtaining EPA-
rich polar lipid (PLs and GLs) concentrates with high purity 
and recovery yield.
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Finally, Table 2 shows that the polar lipids were also 
richer in PUFAs (18:2n6, 20:4n6, and EPA) (55.4%) than 
the NSLs (19.7%) whereas the latter were richer in saturated 
and monounsaturated fatty acids (14:0, 16:0, 16:1n7, and 
18:1n9) (80.3%) than the polar lipids (44.5%). This PUFA 
composition mean that 74% of the PUFAs present in the 
microalgal biomass were recovered in the polar-lipid frac-
tion. This is the result of the fractionation carried out, and 
the fatty acid distribution between the NSLs and the polar 
lipids in the microalgal biomass used. In this biomass, the 
NSLs contain 85.5% of the saturated and monounsaturated 
fatty acids, and 80% of the biomass’s total PUFAs are con-
tained in the polar lipids.

It is difficult to compare these results with those 
obtained by other authors because, as far as we know, 
there are no works covering this area. Devos et al. [15] 
extracted the total lipids from the microalga Isochrysis 
galbana (13.5% of the total fatty acids are DHA) using the 
Bligh and Dyer method; these lipids were then fractionated 
into NLs, GLs, and PLs in a column with 20 g of silica gel, 
the amount allowed for the treatment of lipids extracted 
from about 6 g of biomass. The three lipidic classes were 
eluted with 30 mL of chloroform for the NLs, 120 mL of 
chloroform/methanol 5:1 (v/v) for the GLs, and 45 mL of 
methanol for the PLs. Therefore, these authors used toxic 
solvents and did not provide data on the lipid yields. The 
fatty acid profiles of both the NSLs and the GLs are not 
very different from those of the total lipids. However, as 
with the higher EPA content that we found in the polar 
lipids of Nannochloropsis sp., they found that the PLs 
from I. galbana were particularly rich in DHA (75% of the 
total DHA was present in the PLs), and these authors used 
this PL fraction as a source of DHA. Antonopoulos et al. 

[16] obtained purified polar lipids (mainly PLs) from the 
archaeon Thermoplasma acidophilum DSM 1728/10217. 
The GL fraction was cleanly separated from the PLs by 
diethylaminoethyl (DEAE) cellulose column chromatog-
raphy in columns with inner diameters of 1.5 and 2.5 cm, 
and lengths of 20–27 cm. The NLs and GLs were eluted 
with chloroform/methanol 7:3 (v/v) (4–5 column volumes) 
whereas the PLs were eluted with five column volumes 
of chloroform/methanol 7:3 containing 4 g of ammonium 
acetate and 51 mL 25% of aqueous ammonia. The final 
purification of the main glycophospholipids in a silica-
gel column with mixtures of chloroform/methanol/water 
80:25:3 (v/v/v) or petroleum ether/2-propanol/water 
80:70:8 (v/v/v) proved an efficient method for obtaining 
the main glycophospholipids in a pure state and in a rela-
tively large quantity. Up to 150 mg of purified PLs were 
obtained in a single run in a column with a diameter of 
2.5 cm. However, these researchers also used toxic sol-
vents and two chromatographic steps were required.

Table 3 compares the results obtained in this work with 
those obtained in previous works [14, 17] using direct extrac-
tion from Nannochloropsis sp. lyophilized biomass (initially 
extracting the NSL using a non-polar solvent and then the 
EPA-rich polar lipids using ethanol). Table 3 also shows the 
solvent consumption in mL/g of polar lipids obtained for the 
different procedures. Firstly, Table 3 shows that, in all cases, 
the NSL contents of the microalgal biomass were similar to 
the SL yields obtained in the first fractionation step using 
the non-polar solvent, these fractions thus being very rich in 
NSLs. Undoubtedly, in this work, the fraction obtained using 
the non-polar solvent was richer in NSLs (96.2% of the SLs 
of this fraction were NSLs). However, this good NSL separa-
tion required a large volume of butyl acetate (1233 mL/g of 
polar lipids obtained, calculated from the SL/butyl acetate 
ratio of 1.56 mg/mL). In any case, considering the results 
obtained at the small scale (Fig. 4A), it is estimated that 
this butyl acetate consumption could be reduced by approxi-
mately 30% using an SL/butyl acetate ratio of 2.23 mg/mL, 
although the SL yield would decrease (37.8%) and the sub-
sequent ethanolic fraction would be poorer in polar lipids.

Table  3 also shows that the polar-lipid contents of 
microalgal SLs were similar to the SL yields obtained in 
the second fractionation step using ethanol, and that these 
fractions were very rich in polar lipids. Furthermore, the 
ethanolic fraction obtained in this work is richer in polar 
lipids (97.7%), but again, this high purity is achieved at the 
expense of a greater ethanol consumption (6167 mL/g of 
polar lipids obtained, calculated from the SL/ethanol ratio 
of 0.312 mg/mL). In the same way, considering the results 
obtained at the small scale (Fig. 4B), it is estimated that this 
ethanol consumption could be reduced by approximately 
40% using an SL/ethanol ratio of 0.52 mg/mL, although the 

Table 2  Scaling up the fractionation of microalgal SLs to a 10  g 
silica-gel column based on the results obtained in a 0.69 g silica-gel 
column, showing the fatty acid composition (wt% of total fatty acids) 
and the SL yields obtained in the butyl acetate and ethanol fractions. 
Fractionation was carried out using the following ratios: SL/station-
ary phase 22.6 mg/g, SL/butyl acetate 1.56 mg/mL, and SL/ethanol 
0.312 mg/mL

The different letters, a, b and a´, b´, show significant differences in the 
EPA (20:5n3) content and the SL yield between the butyl acetate and 
ethanol fractions, respectively (α = 0.05)

Fatty acids Butyl acetate fraction Ethanol fraction

14:0 4.3 ± 0.0 3.0 ± 0.0
16:0 27.5 ± 0.0 19.0 ± 0.1
16:1n7 42.7 ± 0.1 18.2 ± 0.0
18:1n9 5.8 ± 0.1 4.3 ± 0.3
18:2n6 1.7 ± 0.0 4.1 ± 0.1
20:4n6 1.8 ± 0.0 6.4 ± 0.0
20:5n3 16.2 ± 0.0 a 44.9 ± 0.2 b

SL yield (wt%) 41.1 ± 0.9 ª´ 53.2 ± 0.8 b´
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SL yield would decrease (54.5%) and possibly this ethanolic 
fraction would be poorer in polar lipids.

4  Conclusions

In this work, the SLs extracted from the microalga Nanno-
chloropsis sp. (33.4% EPA) were fractionated in silica-gel 
columns to obtain an initial fraction rich in NSLs (using 
a non-polar solvent) and then a second SL fraction high 
in EPA-enriched polar lipids (using a polar solvent). In 
both steps, non-toxic solvents (which are allowed in the 
food industry) were used. The method was first developed 
in small cartridges containing 0.69 g of silica gel. At this 
small scale, the SL/silica-gel, SL/butyl acetate, and SL/
ethanol ratios were optimized to obtain high polar-lipid 
and EPA contents and recoveries in the polar-lipid fraction. 
This optimized fractionation (with an SL/silica-gel ratio of 
22.6 mg/g, an SL/butyl acetate ratio of 1.56 mg/mL and an 
SL/ethanol ratio of 0.312 mg/mL) was scaled up to a column 
containing 10 g of silica gel. Under these conditions, an eth-
anolic SL fraction containing 97.7% of polar lipids (64.8% 
GLs and 32.9% PLs) was obtained. In this fraction, 86.6% of 
the polar lipids contained in the original microalgal extract 
were recovered. This ethanolic polar-lipid fraction contained 
44.9% of EPA of the total fatty acids and 71.5% of the EPA 

contained in the microalgal SL extract was recovered. With 
this method, high NSL, polar-lipid, and EPA contents and 
recoveries can be obtained although it consumes consider-
able amounts of solvents. These consumption levels can be 
reduced by around 30–40% but at the cost of reducing both 
the purity and the recovery yields.
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Table 3  Fractionation of the Nannochloropsis sp. SLs into NSLs and polar lipids: comparison between the SL yields, NSL, polar-lipid and EPA 
contents, and the solvent consumption using several procedures

a Both extractions were carried out at 40 °C for 20 h using 10 mL of solvent/g of biomass[14]
b Hexane in a Soxhlet device for extracting the NSLs and ethanol to then extract polar lipids[17]
c Supercritical  CO2 (10% ethanol as the co-solvent) for extracting the NSLs and pressurized ethanol to then extract the polar lipids[17]
d Fractionation of the microalgal SL extract in a 10 g silica-gel column under the optimized conditions determined in this work (Fig. 6)
* In parentheses, EPA concentration factor (EPA content in the polar-lipid extract/EPA content in the raw biomass or raw extract)

Procedure Hexane-ethanol a Soxhlet (hexane)-
ethanol b

Supercritical 
 CO2-pressurized ethanol c

Silica gel, butyl 
acetate-ethanol d

Raw Nannochloropsis sp. biomass Raw SL extract
NSL content (wt%) 53.0 41.9 41.9 40.0
Polar-lipid content (wt%) 47.0 58.1 58.1 60.0
EPA content (wt%) 22.1 32.5 32.5 33.4
Non-polar solvent fraction
SL yield (wt%) 52.9 44.7 48.7 41.1
NSL content (wt%) 86.3 80.4 70.3 96.2
Non-polar solvent consumption (mL or g/g 

polar SLs)
Hexane
177 mL/g

Hexane
2098 mL/g

CO2
6900 g/g

Butyl acetate
1233 mL/g

Polar solvent fraction
SL yield (wt%) 42.9 50.5 51.2 53.2
Polar-lipid content (wt%) 87.7 89.2 85.1 97.7
EPA content (wt%) 35.2 (1.6)* 39.6 (1.2)* 39.2 (1.2)* 44.9 (1.3)*
Ethanol consumption (mL/g polar SLs) 177 175 174 6167
Total SL yield (wt%) 95.8 95.2 99.9 94.3
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