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Abstract

Nannochloropsis oculata is naturally rich in eicosapentaenoic acid (EPA). To turn this microalga into an economically viable
source for commercial applications, extraction efficiency must be achieved. Pursuing this goal, emerging technologies such
as high hydrostatic pressure (HHP) and moderate electric fields (MEF) were tested, aiming to increase EPA accessibility
and subsequent extraction yields. The innovative approach used in this study combined these technologies and associated
tailored, less hazardous different solvent mixtures (SM) with distinct polarity indexes. Although the classical Folch SM with
chloroform: methanol (PI 4.4) provided the highest yield concerning total lipids (166.4 mg;;¢/piomass)> diethyl ether: ethanol
(P13.6) presented statistically higher values in terms of EPA per biomass, corresponding to 1.3-fold increase. When SM were
used in HHP and MEF, neither technology independently improved EPA extraction yields, although the sequential combi-
nation of technologies did result in 62% increment in EPA extraction. Overall, the SM and extraction methodologies tested
(HHP—200 MPa, 21 °C, 15 min, followed by MEF processing at 40 °C, 15 min) enabled increased EPA extraction yields
from wet N. oculata biomass. These findings are of high relevance for the food and pharmaceutical industries, providing
viable alternatives to the “classical” extraction methodologies and solvents, with increased yields and lower environmental
impact.

Key points

e E1,0: EtOH is a less toxic and more efficient alternative to Folch solvent mixture

e HHP or MEF per se was not able to significantly increase EPA extraction yield

e Combinations of HHP and MEF technologies increased both lipids and EPA yields

Keywords Microalgae - Omega-3 polyunsaturated fatty acids - Osmotic stress - High hydrostatic pressure - Moderate
electric fields - Solvent mixture

Introduction

Microalgae are widely recognized as a potential source of
distinct compounds such as pigments, vitamins, proteins,
carbohydrates, and lipids. They can, therefore, be exploited
by several different industries, either used “directly” as sin-
gle cells, or as sources of bioactive compounds for health
and pharmacological products (Parniakov et al. 2015; de
Souza et al. 2019; Bueno et al. 2020).
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Concerning their lipid profile, some microalgae can be
regarded as an interesting source of omega-3 (®-3) polyun-
saturated fatty acids (PUFA), specifically eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA). These are
known to positively impact human health, presenting ben-
eficial effects on brain and retinal development, dementia,
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depression, anti-inflammatory activity, and reduction of car-
diovascular diseases (Ma et al. 2016; Peltomaa et al. 2018;
Udayan et al. 2018). As sources of such compounds, micro-
algae can be an alternative to fish oil, the most widespread
commercial source (Peltomaa et al. 2018). However, in order
to be an economically viable alternative, efficient extraction
techniques are needed, aiming to achieve maximal yields of
compounds of interest (Ramesh Kumar et al. 2019).

Traditionally, lipid extraction is performed with the use
of organic solvents such as chloroform (Chl), which are det-
rimental to health and the environment. In this sense, there
is an increasing demand for methodologies and technolo-
gies that use less hazardous solvents. This goal has driven
researchers to explore new technologies to couple with alter-
native solvents, aiming to extract compounds with similar
or higher yields than the ones obtained with traditional
solvents. Ethanol (EtOH) has been studied as an alterna-
tive greener solvent (Baumgardt et al. 2016; Bueno et al.
2020; Pagels et al. 2021), but its non-selectivity for lipids
narrows its range of application. Among alternative tech-
nologies, several use pressure—high hydrostatic pressure
(HHP) (Khan et al. 2018), high pressure homogenization
(Samarasinghe 2012), pressurized fluid extraction, and sub-
critical and supercritical fluid extraction (Herrero and Ibafiez
2015)—whereas others use an electric field—pulsed electric
fields (PEF), high voltage electric discharge (HVED), mod-
erate electric fields (MEF) (or alternate current; AC), and
direct current (DC) (Geada et al. 2018). The aim of all these
technologies is either to improve cell permeability, cause
cell destruction, or increase solvent penetration, so that the
solvents can easily access the compounds to be extracted, or
to improve solvent selectivity, which allows the solvent to
better extract a specific type of compound.

High hydrostatic pressure (HHP) has been extensively
explored as a methodology to extract bioactive compounds,
mainly from food products and wastes (Khan et al. 2018).
Recent studies extracted flavonoids and lycopene from
tomato pulp (Briones-Labarca et al. 2019), phenolics from
watercress (Pinela et al. 2018), high-molecular-weight mela-
noidins from black garlic (Zhao et al. 2019), and ©-3 PUFA
from liquid wastes of fish canning industry (Monteiro et al.
2018). However, there are few studies concerning HHP as
a technology to perform extractions of lipids from microal-
gae (Bueno et al. 2020; Gallego et al. 2021; Xu et al. 2021,
Kojima and Shimizu 2022).

Moderate electric fields (MEF) have also been used
in different matrices to extract a variety of compounds.
Extractions using MEF range from pectin from passion
fruit peel (De Oliveira et al. 2015), inulin from Jerusalem
artichoke tuber powder (Gavahian et al. 2018), phenolic
compounds from Pinus pinaster bark (Ferreira-Santos
et al. 2019), anthocyanins from black rice bran (Gavahian
et al. 2018), and carotenoids and lipids from microalgae
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(Jaeschke et al. 2016), among others. Nevertheless, simi-
larly to HHP, studies using MEF to extract lipids from
microalgae are limited (De Carvalho Neto et al. 2014;
de Souza et al. 2014, Jaeschke et al. 2016).

Based on the above rationale, the aim of the research
presented herein was to study HHP (pressure) and MEF
(electric field) as technologies to support extraction of
EPA-rich fractions from N. oculata with the concomitant
use of solvents with lower detrimental impact than the
ones traditionally used. The main objective was to achieve,
at least, similar yields to those obtained using the tradi-
tional methodologies.

Both technologies were tested independently and in com-
bination, in order to explore the potential of the technologies
per se, and also if their combination could further improve
extraction performances. High hydrostatic pressure was used
concomitantly with an extraction solvent, while MEF was
utilized as a pre-treatment to a subsequent solvent extraction.
To the best of our knowledge, this is the first time HHP and
MEF are strategically combined to extract lipids from Nan-
nochloropsis genus microalgae.

Materials and methods
Chemicals

Hexane and EtOH were purchased from Carlo Erba (Vale
de Reuil Cedex, Spain), methanol (MeOH) and Chl from
Fischer Scientific (Loughborough, UK), diethyl ether (Et,0)
from Alfa Aesar (Karlsruhe, Germany), and isopropanol
(2-PrOH) from VWR (Fontenay-sous-Bois, France).

Strain and culture conditions

The microalga used in this study was Nannochloropsis
oculata CCAP 849/1 (SAMS Ltd., Scottish Marine Insti-
tute, Scotland, UK), which was grown in 5 L flat-bottomed
glass balloons, with artificial seawater medium (ASW)
(Darley and Volcani 1969), and an aseptic stream of forced
air to ensure aeration and access to light of the entire cul-
ture (as bubbling avoided biomass deposition). Growth
occurred under continuous light at 65 umol photons/
m?/s (LI-1000 DataLogger; LI-COR, USA), provided by
cool daylight fluorescent lamps (LUMILUX, L18W/840,
OSRAM, Portugal), and at 25 °C, in a climate chamber
S600PL (Aralab, Portugal).

The microalga biomass was harvested in late-log/early-
stationary phase by centrifugation (1400 g, 4 °C, 5 min).
The supernatant was discarded, and the remaining pellet was
used for extraction, either directly (wet) or freeze-dried.
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Extraction methodologies
Solvent mixtures

Two solvent mixtures (SM) were used: (i) SM,—
Hex:2-PrOH (3:2), as defined by Hara and Radin (1978)
and (ii) SM,—Et,0: EtOH (2: 1) established based on polar-
ity properties to be tested in this study. Biomass was added
to the SM and extraction occurred under the conditions
described below (specific for each technology used). After
extraction, a subsequent purification step was performed
through solvent partition (with Na,SO, 0.1 mM in a 1:2
ratio for SM, and 1:2 water for SM,). After mixing, solu-
tions were centrifuged (1400 g for 10 min, at 4 °C) and Hex
or Et,0 (upper layers) were collected to a pre-weighed rotary
evaporator glass balloon, followed by solvent evaporation to
complete dryness for gravimetric lipid quantification.

For comparative purposes, Folch et al. (1957) extraction
(with SM,.,—Chl: MeOH (2: 1)) was also tested against the
two abovementioned solvent mixtures.

High hydrostatic pressure (HHP)

High hydrostatic pressure extraction was performed by add-
ing SM to wet (180: 1, v/w) or freeze-dried (90: 1, v/w) bio-
mass, transferring the resulting mixture to polyethylene bags
and heat-sealing, avoiding as much as possible the presence
of air. The bags were then placed inside the pressure vessel of
a high-pressure equipment (Stansted Fluid Power FPG7100,
UK) and subjected to the experimental conditions presented
in Table 1 (applied at a pressurization rate of 450 MPa/min)
using a mixture of water and propylene glycol (60:40) as the
pressurization fluid. Pressure indicated as 0.1 MPa (atmos-
pheric pressure) represents maceration conditions.

After pressurization, the bags were opened and SM: bio-
mass mixture was collected; the interior of the bags was

Table 1 Summary of the HHP

and MEF conditions tested HHP . MEF .
using SM, MPa/°C/min (V/cm)/min
0.1/21/15
0.1/21/30
200/21/15 0/15
200/21/30 0/30
400/21/15
400/21/30 3/15
0.1/40/15 3/30
0.1/40/30
200/40/15 10/15
200/40/30 10/30
400/40/15
400/40/30

washed with 20 mL of Hex or Et,0 (according to the SM
being used), and the pooled SM: biomass mixture was cen-
trifuged; SM fraction was collected and processed according
to the procedure previously described for solvent partition.

Moderate electric field (MEF)

Moderate electric field extraction was conducted in the
apparatus described in Pagels et al. (2021). As the system
did not allow the use of organic solvents, wet biomass was
firstly re-suspended in 0.55 g/L NaCl solution (NaCl: bio-
mass—180: 1, v/w (dry-weight); conductivity of 3 mS/cm)
when exposed to the electric field, and only afterwards (after
MEF was performed) into the SM. As such, in this case,
MEEF could be considered a pre-treatment for the subsequent
solvent extraction, and not an extraction methodology per se.
The steps performed during MEF extraction are presented
in Fig. 1. To avoid biomass deposition, gentle agitation by
magnetic stirring was applied during MEF.

After exposure to electric field, the NaCl: biomass sus-
pension was centrifuged, the components separated, and
biomass was mixed with SM (40 °C, 15 min). Thereafter,
SM was separated from the biomass through centrifugation
and treated accordingly (partition). The supernatant from
NaCl: biomass centrifugation (i.e., NaCl solution) was also
extracted (to recover any lipophilic compounds that could
have been released from the biomass during MEF) by adding
20 mL of Hex or Et,0 (according to the SM being used),
vortexed for 1 min, followed by centrifugation for phase par-
tition. The solvent was then collected and pooled with the
(same) solvent resulting from SM partition, and gravimetric
determination of lipids was performed. Table 1 shows the
combinations of electric field and time tested. When fre-
quency is indicated as 0 V/cm, biomass was solely exposed
to NaCl solution. Due to restrictions in operating tempera-
ture for certain conditions related with the MEF apparatus,
all extractions were performed at 40 °C.

Combined extraction (MEF + HHP and HHP + MEF)

A combination of technologies was performed in sequential
mode and using the two possible sequences of processes
(MEF followed by HHP and HHP followed by MEF).
MEF + HHP was performed by collecting the NaCl: biomass
solution resulting from the last step of MEF per se (Fig. 1),
centrifuging the mixture and collecting biomass to perform
HHP extraction. After partitions of SM, resultant from both
extraction procedures, the organic solvent containing the
lipids was pooled for gravimetric determination of the lipids
content. A similar procedure was used for HHP + MEF.
Table 2 presents the different conditions of parameters (elec-
tric field and/or pressure) applied in HHP and MEF combined
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Extractions

HHP MEF

Microalgal biomass Microalgal biomass
+ +
SM NaCl
HHP MEF

I—I—I I

R R S

MEF + HHP HHP+MEF

Microalgal biomass Microalgal biomass

+ +
NaCl SM
MEF HHP

R

Solvent pooling
+

Yield gravimetric
determination

Mebi Bags interior SMebi Bags interior
collesc!i(;nl(;rmoﬁsba S| washing (Clatisitpion Clamisingzziion collectiénl?':gissba S| washing
& (Hex or E,0) & (Hex or E,0)
\\ Mixture J SF LF (NaCl) SF LF (NaCl) Mixture
Centrifugation + + + + -
LF collection SM Hex or Et,0 SM Hex or Et,O Centrifugation
:S:}V:ll:xp;nliitiog Maceration Hex or Et,0 HHP Hex or E,O
recovery < (40 °C , 15min) recovery (until solvent partition) recovery SF LF
' I 1
. : : Solvent partition Solvent partition
Yield gravimetric P MEF
iy and Hex or Et;,0 and Hex or Et,0 Solvent partition
determination recovery recovery (until solvent pooling) P

Solvent pooling
+

Solvent pooling
+

Yield gravimetric
determination

Yield gravimetric
determination

EPA-rich extract

Fig. 1 Flow chart of independent and combined extraction methodologies (SF: solid fraction; LF: liquid fraction)

assays. Individual HHP and MEF extractions were also per-
formed to serve as controls. In order to allow comparisons,
all extractions and/or exposures were conducted at 40 °C for
15 min, except for HHP, which was performed at 21 °C, accord-
ing to the conclusions reached in HHP independent extractions.

Fatty acid profile

Fatty acid profile was determined by gas chromatogra-
phy with flame ionization detector (GC-FID) according

to the method described by Sousa et al. (2022), with
slight modifications: following solvent evaporation (Hex
or Et,0, according to the SM used for extraction) and
gravimetric assessment of lipid content, resulting lipids
were resuspended in the same solvent, transferred to boro-
silicate glass tubes and evaporated with a gentle stream
of nitrogen. Thereafter, the remaining procedure and the
conditions utilized in gas chromatography analyses of the
collected FAME were performed according to the proto-
cols described in Sousa et al. (2022).

Table 2 Conditions used in combinations of HHP with MEF, performed with experimental conditions selected as the most promising, according

to yields obtained in individual extractions (Table 1)

Conditions

MEEF (3 V/cm)

NaCl*

HHP (200 MPa)

MEF (3 V/cm)+HHP (200 MPa)
HHP (200 MPa) + NaCl*

HHP (200 MPa) + MEF (3 V/cm)

“Exposure of biomass to NaCl solution

@ Springer
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Statistical analysis

SPSS 20 software (SPSS, Chicago, IL, USA) was used to
perform statistical analyses. Samples were compared through
analysis of variance (ANOVA) with Tukey as post hoc when
all required assumptions were met. Otherwise, ANOVA was
substituted by Kruskal-Wallis, and pair-wise comparisons
were performed using Mann—Whitney. A significance level of
0.05 was used in all analyses. All experiments were performed
in triplicate, and all results are expressed on a dry-weight basis.

Results

Lipid extraction procedures referred in literature usually
use organic compounds such as Chl (not allowed in the food
industry), which are hazardous for human health and the
environment and, as such, there is an increasing need to find
adequate substitutes (Wan Mahmood et al. 2017). Besides
exploring different solvents and solvent mixtures, another
approach consists in using technologies to enhance extrac-
tion yields of less hazardous solvents that may otherwise not
be as efficient as the ones employed in the traditional meth-
odologies. Those technologies aimed at increasing solvent
penetration by enhancing cellular membrane permeability or
even whole cell destruction.

In the present research work, HHP and MEF were tested inde-
pendently and in combination, with the goal of increasing the
efficiency of different extraction mixtures (using solvents with
lower detrimental impacts than the ones traditionally employed),
to obtain lipid extracts rich in EPA (Fig. 2) from N. oculata.

PA

Extractions were assessed by measurement of lipid and
fatty acids contents, the latter either in terms of EPA per
lipid content (reflecting specificity of extraction in terms
of compounds selectivity) or per biomass (total amount
of EPA recovered). All experiments, independent of the
technology used, were performed at a maximum of 40 °C
to prevent thermal degradation of unsaturated fatty acids,
as temperatures of 50 °C and above have been reported to
significantly degrade EPA (Hadaruga et al. 2016).

Extraction methodologies

Initially, HHP and MEF extractions were performed using
Hex:2-PrOH (SM, ) as SM, which is the solvent mixture presented
by Hara and Radin (1978) as a less hazardous alternative to the
classical chloroform-based solvent mixtures described by Bligh
and Dyer (1959) and Folch et al. (1957). However, the results
obtained in the first HHP and MEF extractions, which will be
presented further on, did not show relevant improvements in EPA
extraction yields, probably due to the solvents comprised in SM,.
Furthermore, it has been reported that solvents (or solvent mix-
tures) with higher polarities than the ones composing SM; may
produce better extraction yields concerning both lipids and PUFA,
namely, EPA (Pieber et al. 2012; Balasubramanian et al. 2013).

Considering the unsatisfactory lack of improvements in
yields obtained in HHP and MEF extractions (and the possible
phenomenon behind the HHP results discussed below) and the
fact that the traditional methodology used for lipid extraction
uses Chl: MeOH, which are solvents more polar than the ones
used in SM,, it was decided to test a new extraction mixture,
with a higher average polarity index (PI) than SM;.

24 26 28 30 32 34m

Fig.2 GC-FID chromatogram with the identification of the polyunsaturated fatty acids (PUFA) found in the extracts (1—C18:2 c9t12; 2—
C18:2 ¢9c12; 3—C18:3 c6¢9c12; 4—C18:3 c9c12c15; 5—C20:2 cl1cl4; 6—C20:3 w6; 7—C20:4 w6; 8—C20:5 w3 (EPA))
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Comparative evaluation of solvent mixtures

A mixture of Et,0: EtOH (SM,) was chosen as it has a PI of
3.6, which is an intermediate value between SM, previously
used (PI 1.6), and SM,,; used in Folch’s method (PI 4.4)
(Snyder 1978). In order to evaluate the extraction efficacy of
SM,, independent extractions (without HHP or MEF) using
freeze-dried biomass were performed at 21 °C for 15 min,
with 3 solvent mixtures: Hex: 2-PrOH (SM,, previously
used; PI 1.6), Et,0: EtOH (SM,; PI 3.6), and Chl: MeOH
(SM,,; PI 4.4), for reference comparison purposes.
Concerning total lipids, results (Fig. 3a) showed that SM,
extracted more lipids than SM,, although both were less effec-
tive than SM, . Regarding EPA per lipid content (Fig. 3b),
SM, was the SM that presented the best result, 1.7-fold
increase of the yield obtained with SM,, followed by SM,,
which presented a 1.5-fold increase over the SM,; EPA yield.
Concerning EPA per biomass (Fig. 3c), SM, extracted the
highest content (3.0 mggpa/Lpiomass) Which, in comparison with
the obtained using SM,; corresponded to a 1.3-fold increase,
followed by SM, (1.1-fold increase over SM,; yield).

High hydrostatic pressure (HHP)

SM; (Hxn:2-PrOH) In order to assess HHP extraction, freeze-
dried biomass was initially used, since there are evidences
that biomass water content negatively affects lipid extraction
efficiency (Chen et al. 2011; Balasubramanian et al. 2013;
Islam et al. 2014). As previously mentioned, the first HHP
extraction experiment was performed using SM,, and pres-
sure (0.1, 200, and 400 MPa), temperature (21 and 40 °C),
and time (15 and 30 min) were tested in the combinations
described in Table 1; extraction at 0.1 MPa, 21 °C, and
15 min was used as the control.

Lipid extraction results (Fig. 4A) showed that, when
compared with the control, none of the tested conditions

Fig.3 Normalized ratios (SM;/

SMref) of hpld (mglipid/gbiomass; a) 120
a) and EPA (mggp,/gipiq and 1.00
ngPA/gbiomass; b’ C, respec- ’
tively) yields with different 0.80
solvent mixtures, per lipid (b) 5 a
and per biomass (a and c). PI g) 0.60
1.6 (SM,), P1 3.6 (SM,), and PI E‘ ’
4.4 (SM,) 2 0.40

0.20

0.00 =

1.6

Polarity index
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3.6

significantly (p > 0.05) improved lipid extraction yield.
Despite some statistically significant differences (p <0.05)
between the distinct conditions assessed, there was no
clear trend regarding any of the technological parameters
assessed.

Regarding EPA content (Fig. 4C and D), the overall behavior
was similar to the observed concerning total lipids. Pertaining to
MEep,/gjipig (Fig. 4C), only three extraction conditions resulted in
significantly (p <0.05) higher yields than the control (0.1/21/15,
which yielded 30.0 mggpa/gipia), Which were 0.1/21/30,
200/21/15, and 200/40/15 yielding 32.9, 30.5, and 30.7 mggp,/
Liipia» Tespectively. As abovementioned, no clear trend could be
observed in terms of any of the tested parameters consistently
impacting extraction, which was also the case regarding the
amounts of EPA per biomass. As far as mggpa/8piomass F1g- 4E)
is concerned, the EPA extraction yield obtained in the control
conditions (2.69 Mggpa/Eiomass) Was only surpassed by applying
HHP at 200 MPa, at the same temperature and for 30 min, which
yielded a very slightly higher 2.73 mggps/piomass @ <0.05).

In this sense, considering all the above results, there was
no positive impact of applying HHP (pressure) in the extrac-
tion process, on both lipids and EPA extraction yields.

SM, (Et,0:EtOH) The following step was to perform HHP
independent extraction with SM,, although only at 21 °C,
to avoid the combination of the vessel temperature with
the adiabatic compression heating which could degrade the
extracted lipids and EPA.

Similar to the observed in the first HHP extractions, results
(Fig. 4B, D and F) showed that, in comparison with the
extraction performed in the control conditions (0.1/21/15),
HHP was not able to significantly increase (p > 0.05) lipid
and EPA extraction yields. Based on these results, the pres-
sure of 200 MPa, at 21 °C for 15 min was chosen as the HHP
condition to be utilized in the experiments in which HHP
and MEF were to be combined, given the lower energy costs
associated.

b) 2.00 ¢) 1.40 b
¢ b 120
160 | & ' ¢
1.00
120 . Fo30
@ @
Z 080 Z 060
0.40
0.40
0.20
- 000 L1 1. 0.00 111 .
44 16 36 44 16 36 44

Polarity index Polarity index
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Moderate electric fields (MEF)

SM; (Hxn:2-PrOH) Concerning MEF extraction, and as pre-
viously mentioned, initial extractions were performed using
SM,. Considering that the biomass had to be suspended in a
NaCl solution, wet biomass was used, which also enhances
industrial applicability.

Electric field (3 and 10 V/cm) and time (15 and 30 min)
were the technological parameters tested (combinations
presented in Table 1). Extractions without biomass
exposure to an electric field (0 V/cm) were performed as
controls, in which biomass was nonetheless in contact with
the NaCl solution, for 15 or 30 min. All extractions were
performed at 40 °C due to limitations/restrictions of the
MEF equipment concerning refrigeration when applying
an electric field of 10 V/cm.

Lipid extraction yields (Fig. 5a) obtained with MEF
showed, when compared with control (0/40/15), an increase
in lipid yield (p <0.05) only when an electric field of 3 V/

cm was applied for 15 min, for which the highest amount of
lipids (80.4 mg;; i/ Spiomass) Was Obtained, representing a 6%
increase comparatively with the control. In the remaining
conditions tested and despite the application of electric field,
except for the 10/40/30 extraction condition which yielded
lower lipid content, no significant differences (p > 0.05) were
obtained between these extractions and the ones in which
biomass was only exposed to NaCl solution.

The only parameter that seemed to affect extraction,
although to a low extent, was time; indeed, prolonged
extraction time (30 min vs. 15 min) yielded significantly
lower amounts of lipids (p < 0.05); specifically, there was
a decrease from 80.4 to 75.0 mgy;,ia/Shiomass at 3 V/em
and from 76.5 to 65.9 mgy;;/Epiomass at 10 V/em. In this
sense, the highest lipid yield was therefore obtained when
extraction was performed at 3 V/cm for 15 min, while the
lowest was registered at 10 V/cm, for 30 min. Such results
appeared to indicate that there might be a threshold above
which the electric field, in combination with the time during
which it is applied, could degrade the lipids.
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Concerning the amounts of EPA per fat content (Fig. 5b),
the highest value was obtained in MEF at 10 V/cm for
30 min (35.0 mggpa/gjipiq), followed by 0 V/em also for
30 min (32.2 mggpa/gjipi)- In this sense, time impacted
extraction yields in an opposite fashion to the previously
observed, since increasing extraction time concomitantly
increased the EPA amounts. Increasing extraction time
from 15 to 30 min resulted in higher yields, in all conditions
assessed, which means that for each electric field applied
(or no electric field), prolonged exposure of the biomass/
SM mixture increased extraction efficiency, yielding signifi-
cantly (p <0.05) higher EPA contents. Concerning a pos-
sible correlation between the application (or not) of electric
field and the EPA yields, in terms of mggps/gjipig. results
showed that, despite being significant (p <0.05), the differ-
ences between extractions were not relevant, except for the
extraction performed at 10 V/cm for 30 min.

Pertaining to EPA per biomass (Fig. 5c), the high-
est amount was also obtained at 10 V/cm for 30 min
(2.30 mggpa/Lhiomass)- However, the difference between this
extraction and the remaining was lower than the previously
observed regarding mggpa/gjiyiq- In this case, and in line with
the previous findings, no coherent behavior was observed
between the amounts of EPA extracted and the alterations
in the different parameters assessed (electric field and time).
The overall absence of relevant differences between the
extractions indicated that the electric fields applied when

@ Springer

MEF was performed did not significantly impact N. oculata
cells to the desired extent (increase extraction yield, more

SpeCiﬁCElHy, ngPA/gbiomass)'

SM, (Et,0:EtOH) Similar to HHP, MEF independent extrac-
tion was also assessed utilizing SM,. In this case, to try to
understand if the results previously obtained concerning the
(absence of) impact of the electric field on lipid and EPA
extraction yields was maintained, extractions were performed
with electric fields of 0, 3, and 10 V/cm and were only per-
formed for 15 min, which was the time frame in which the
best results concerning mggpa/Epiomass Were obtained.

The lipid and EPA yields obtained when applying the
distinct extraction conditions were not significantly different
(p <0.05) (Fig. 5d-f). These results showed, as in the
previous independent MEF experiment, that the electric
field did not impact in any way the extraction efficiency of
the SM. The absence of such differences in the extractions
indicated that, seemingly, the applied MEF did not produce
an impact on N. oculata cells.

Considering these findings and to further corroborate that
the yields obtained in MEF were not originated by applying
the electric field, when assessing the combinations of the
extraction technologies, besides independent MEF (which
was performed at 3 V/cm), NaCl exposure (0 V/cm) was
also tested.
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Combined extractions (MEF + HHP and HHP + MEF)

Having tested HHP and MEF independently, combinations
of both were also tested to try improving yields. In these
experiments, SM, was used, and microalgae biomass was
always in wet form, for comparative analysis. Nonetheless,
besides the combinations, MEF (and NaCl exposure) and
HHP were again tested independently, as control assays.

Results pertaining to the independent extractions
showed that HHP yielded a slightly higher (p <0.05)
lipid content than independent MEF and NaCl extractions
(Fig. 6a).

Regarding the combinations of technologies, results
showed positive outcomes, with significant (p <0.05)
increases in lipid yield (Fig. 6a) being obtained. Concerning
MEF + HHP, pre-treatment of biomass by MEF increased
extraction efficiency of HHP, since in comparison with
HHP independent extraction, lipid yield in MEF + HHP
was higher (159 vs. 224 mg;i4/8piomass> T€Spectively, rep-
resenting a 41% increase). Moreover, it was observed that
MEF + HHP presented a higher yield than MEF alone (224
V8. 139 Mg/ 8hiomass> Fespectively, a 61% increase), indicat-
ing that the pressure exerted in HHP increased the extrac-
tion of biomass previously exposed to MEF. Since in MEF
independent extraction, as part of the methodology, a solvent

Fig.6 Lipid (a) and EPA per
lipid (b) and per biomass (c)
yields obtained with different
extraction technologies and
combinations thereof. Differ-
ent lowercase letters indicate
significant differences (p <0.05)
between yield values
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contents per lipid content. Nonetheless, overall extraction
of EPA was increased since extraction yield (mg;ia/Spiomass)
was also increased.

Regarding EPA per biomass (Fig. 6¢), results showed that
the amounts extracted presented a behavior similar to the one
observed concerning lipid yields. Combinations of technolo-
gies yielded higher amounts of EPA than independent extrac-
tions, although in this case, the combination HHP + NaCl
was the extraction that yielded the highest, followed by
HHP +MEF (14.57 and 13.64 mgrpa/gyiomass> FesSpectively).

Discussion
Extraction methodologies
Comparative evaluation of solvent mixtures

Regarding the comparison between solvent mixtures, SM,
was able to extract the highest lipid content, followed by SM,
and SM, in descending order of percentage yield. This result
is in agreement with the findings of Teo and Idris’ (2014)
study, which compared Folch and Hara and Radin methods to
extract lipids from Nannochloropsis sp. and found the Folch
method to register higher yield than the Hara and Radin
counterpart (c.a. 8 and 5.25% lipid yields, respectively). A
plausible explanation for the fact that SM, . yielded the high-
est lipid content, although the EPA content per lipid was the
lowest, may be due to the extraction of other types of lipo-
philic compounds such as carotenoids or other pigments.

Results showed that SM, yielded higher lipid content than
SM; (90.5 vs. 81.8 mg;;;i/Spiomass) and was able to slightly
increase extraction of EPA per lipid, which resulted in higher
content per biomass. Also (as abovementioned), compara-
tively to SM, ., EPA per biomass yield was considerably
higher. Concerning the detrimental (health and environmen-
tal) impacts of the solvents, particularly the “main” solvents
of the SM, these have been targeted over the last years in
several publications and manuals (Prat et al. 2015; Alder
et al. 2016; Sneddon 2017; Calvo-Flores et al. 2018; Joshi
and Adhikari 2019). In terms of environmental impact, Et,O
may be classified as an environmentally favorable solvent,
due to its low environmental impact of production and rela-
tively high credits for energy recovery (Capello et al. 2007),
as well as not being considered to bioaccumulate, hence not
being persistent, and to display very low toxicity to aquatic
life (GPS Safety Summary 2015).

Pertaining to human health, Et,O is considered to present
the lowest risk and, generally, both Et,O and Hxn have been
considered less harmful than Chl, which has been classified
as a carcinogen (Prat et al. 2015; Alder et al. 2016; Calvo-
Flores et al. 2018). However, due to its toxicity Hxn has
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been, in some cases, considered to be as harmful to human
health as Chl (Prat et al. 2015) and both are classified in the
United States as hazardous airborne pollutants (Joshi and
Adhikari 2019).

Owing to those characteristics of the solvents, extractions
with lower-toxicity alternatives have been explored, such
as in the study of Jiménez Callejon et al. (2020), in which
a two-step extraction procedure (with hexane, followed by
ethanol) was utilized to obtain EPA from Nannochloropsis
sp.. The process was able to extract 74.7% of the overall EPA
content of the microalga.

Considering all of the above, it was decided that SM, was
a viable alternative to be used in the second round of the
independent HHP and MEF extractions and in the combi-
nation experiment in which both technologies were sequen-
tially utilized.

High hydrostatic pressure (HHP)

SM; (Hxn:2-PrOH) High hydrostatic pressure extraction is
achieved through a large differential pressure between the
outside and inside of the cells, which can result in a defor-
mation, or even disruption, of the cellular membranes, thus
originating a rapid permeation of the solvent, increasing
extraction efficiency. Solubility of several compounds can
also be increased as consequence of HHP, which will also
increase extraction yields (Khan et al. 2018; Monteiro et al.
2018). However, the results obtained herein, when HHP was
applied to extract lipids and EPA, are not in accordance with
such principles as exposure of the biomass/SM binomial to
HHP did not increase extraction yields.

Compression heating is a phenomenon which results from
the work of compression against intermolecular forces and
leads to a temperature increase of compressible materials.
When heat does not enter or leave the system, it is designated
adiabatic compression heating. This phenomenon occurs in
HHP and can result in a degradation of thermo-sensitive
compounds (Sun et al. 2018). Khan et al. (2018) stated that
during HHP process, for every 100 MPa increase in pressure,
a 3 °C rise in temperature occurred. The research work by
Sun et al. (2018), studying six different organic solvents,
showed that polarity had a negative correlation with com-
pression heating of liquid materials. Lipid yield has been
shown to decrease with temperature increase above a deter-
mined threshold, as in Ali and Watson’s (2016) study, in
which temperature increase above 42.2 °C resulted in lower
lipid yields.

Regarding the effect of the pressure, a study performed
by Kojima and Shimizu (2022) revealed a positive impact
of hydrostatic pressure in lipid yield of Chlorella vul-
garis, using an ionic liquid ([1-ethyl-3-methylimidazolium
acetate]-DMSO), at 25 °C for 60 min. However, such
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improvement was only observed at 50 MPa, since a decrease
in lipid yield was observed with increasing pressure thereaf-
ter. Bueno et al. (2020), using EtOH and limonene to extract
PUFA from Porphyridium cruentum and Haematococcus
pluvialis, found EPA yields similar to those obtained in con-
trol extraction when pressures of 100 and 300 MPa were
applied, at 50 °C for 20 min. However, when HHP was per-
formed at a higher pressure of 600 MPa both PUFA and
EPA yields decreased. These results are in accordance with
the findings presented herein. However, a study performed
by the same research group (Gallego et al. 2021) applying
those methodology and technology on Nannochloropsis
oceanica found that the increase of pressure from 100 up to
600 MPa did not significantly impact PUFA and EPA yields
and that only 100 MPa were required to obtain yields simi-
lar to those of the conventional extraction. Contrastingly,
Xu et al. (2021) applied HHP to microalgae slurries, using
Chl: MeOH (SM,,;) as SM and without temperature control,
and reported increased lipid yields at 400 and 600 MPa,
when compared with control and extractions performed at
lower-pressure magnitudes.

Pressure used in high hydrostatic pressure processing
has also been associated with lower lipid yields at low tem-
peratures, as higher lipid oxidation values were registered
in turbot (Scophthalmus maximus) muscle (Chevalier et al.
2001) and carp (Cyprinus carpio) fillets (Sequeira-Munoz
et al. 2006) by pressure treatments of 180 MPa at 4 °C. Thus,
adiabatic compression heating may have compromised the
results obtained with HHP, especially at 40 °C, since the
compressions may have led to temperature increases that
lead to degradation of the unsaturated fatty acids, namely,
EPA (Hadaruga et al. 2016). In this sense, increased amounts
of lipids and PUFA (and among them, EPA) which could
potentially have been extracted by the increased pressures
may have also been degraded due to the higher temperature
resultant from adiabatic compression heating.

Overall, these results revealed that HHP did not improve
extraction yields of lipids and EPA, when using freeze-dried
biomass and SM,. Therefore, a second round of experiments
was performed using the improved SM of higher polarity
(SM,). Additionally, considering potential industrial appli-
cation, wet biomass was used.

Moderate electric fields (MEF)

SM; (Hxn:2-PrOH) The fact that different behaviors were
obtained regarding the impact of MEF on the extraction
yields of lipids (mgj;;a/Epiomass) and those of EPA (mggp,/
Liipid ANd MEppa/Epiomass) Indicated that when different extrac-
tion conditions were applied, distinct lipophilic compounds
were extracted.

As aforementioned, extraction using 10 V/cm for 30 min
yielded the highest EPA contents (mggpa/gjipig and mggp,/
Zpiomass)» despite being the one which yielded the lowest
lipid content (Mgjiyiq/Spiomass)» Meaning that the lipid fraction
obtained in this extraction condition presented the highest
EPA percentage (3.5% of total lipids). However, when MEF
was applied at 3 V/cm for 15 min, the highest lipid yield
was registered, although in terms of EPA per biomass, it was
only the second highest (2.8% of total lipids). As previously
mentioned, such results indicate that when the electric field
applied was lower, the lipid fraction extracted was composed
of a higher percentage of lipophilic compounds distinct from
EPA.

Extraction using MEF is based on the principle that a
transmembrane potential occurs when a cell is exposed to an
electric field; when it reaches a certain threshold, it promotes
electro-permeabilization of the membrane. This phenom-
enon is also designated as electroporation, as the electric
field leads to the creation of pores in the cellular membrane,
or to the enlargement of existing ones. Depending on the
intensity of the electric field, electroporation can be tempo-
rary (reversible) or permanent (irreversible) (Joannes et al.
2015; Geada et al. 2018). Electroporation can increase the
compound flux through the membrane, or it can lead to cell
damage and/or destruction. Exposure to an electric field,
and the consequent electroporation (when taking place), can
result in spontaneous release of certain compounds (Postma
et al. 2016; Geada et al. 2018), case in which the application
of moderate electric fields can be considered an extraction
methodology, or it can be used as a pre-treatment to facilitate
subsequent extraction (Eing et al. 2013).

Electrotechnologies such as PEF and MEF have been
used for extraction of valuable compounds from microalgae.
Although PEF is most studied, some studies have explored
MEF which, because of using lower electric fields, can pre-
sent a better cost/efficiency ratio and can also have a lower
destructive impact on cells. Such moderation can be a posi-
tive aspect due to the lower amount of other intracellular
compounds released, which decreases the number and cost
of the subsequent purification steps.

The positive effects of electrotechnologies in lipid
extraction have been described by few authors. Jaeschke
et al. (2016) studied the effect of MEF on the extraction
of lipids and carotenoids from freeze-dried Heterochlorella
luteoviridis, using ethanol and voltages from 0 to 180 V (at
60 Hz). MEF was used as pre-treatment, since after MEF,
a subsequent diffusive step was performed. Results showed
that with 90 V and 75% EtOH, they could obtain lipid
yields correspondent to 83% of the lipids obtained with the
Bligh and Dyer method (using Chl: MeOH, 1:2). de Souza
et al. (2014) and De Carvalho Neto et al. (2014) also used
MEEF to extract lipids; the authors used electroflotation by
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alternating current (EFAC), in which EFAC was used as a
pre-treatment, being the biomass subsequently freeze-dried
and extracted according to the Bligh and Dyer method.
The studies were performed at 12 V, and several frequency
ranges were tested, from 0-1.56 kHz to 0-50 kHz. In De
Carvalho Neto et al.’s (2014) study, time was also evaluated
with treatments at 0—1.56 kHz from 40 to 140 min. Results
showed that frequency ranges did not influence lipid yields
and that lipid yield increased by 9 to 14% with treatments of
40 and 140 min, respectively. Concerning de Souza et al.’s
(2014) work, the highest lipid yield achieved with EFAC
was 24.8% +7.1%, while control conditions without pre-
treatment yielded 4.8%.

The results obtained herein can be compared with those
obtained by de Souza et al. (2014) and De Carvalho Neto
et al. (2014), since MEF was also used as a pre-treatment
prior to extraction. In the present work, the extraction effi-
ciency was much lower (less than a third) than the 24%
found in de Souza et al. (2014), since only 8% lipids were
achieved, and less than half of the 14% increase observed
by De Carvalho Neto et al. (2014) as herein an increase
of 6% in lipid yield was obtained for the treatment with
the highest lipid extraction (3 V/cm for 15 min). The dif-
ference between yields may have resulted from intrinsic
differences in biomass, as in those studies, biomass was
composed of a mixture of microalgae, some of which
could have membranes easier to permeate. Moreover,
the extraction SM utilized in both studies as control for
comparison purposes (Bligh and Dyer 1959) was different
from those tested herein (SM; and SM,).

The fact that MEF did not exert a more significant effect
in extraction yields could indicate that MEF treatment only
produced temporary electroporation, which allowed the
release of some lipids during the time period in which cel-
lular membrane was more permeable. Afterwards, when the
stimulus stopped, the membrane recovered and extraction
was similar to the extraction of biomass when not subjected
to MEF. The abovementioned hypothesis is sustained by
the observation that ca. 10% of the lipids separated in MEF
extractions were coming from the supernatant obtained after
centrifugation of the solution which had been exposed to
MEF (microalgal biomass in NaCl solution). The remaining
lipids were obtained in the next step of the extraction pro-
cess, in which biomass was used for extraction using simple
contact with SM. As such, these results were indicative of
release of lipids during the first stage of the process.

On the other hand, concerning exposure to NaCl, given
that the salt concentration in the growth medium used for N.
oculata (ASW) was 23.6 g/L and that in the solution used
in MEF was 0.55 g/L, this makes the solution used in MEF
a hypotonic solution. As such, one could hypothesize that
contact of the cells with such solution could have resulted
in swelling of the cells (turgidity), consequently leading to
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eventual cell disruption, or at least cause sufficient turgidity
to stress the cells enough to destabilize them to facilitate
extraction. Such release could explain the results obtained
when performing MEF at 10 V/cm for 30 min. The elec-
tric field may have been high enough to, with the prolonged
exposure, cause degradation of the lipids that were released.
In that case, if the lipids degraded were other than EPA, it
would result in a lower lipid yield and a higher EPA percent-
age within the lipid extract, which was the case. Moreo-
ver, the lipid yield registered in those conditions (10 V/cm
for 30 min) was ca. 10% lower than the remaining yields,
which would be in accordance with degradation of the
lipids released throughout the period in which biomass was
exposed to the electric field.

Nonetheless, the similarity between the values with
(except 10 V/cm for 30 min) and without electric field
could indicate that the yields had been the result of cell
lysis (rupture of the cells) due to osmotic shock, and not of
electroporation.

The osmotic principle has been used to for extraction pur-
poses, in a methodology designated “osmotic shock,” which
can be used to rupture cellular membranes and extract com-
pounds. The principle is that in the sudden presence of a
solution with a different salt concentration than the intracel-
lular, there is an imbalance of the osmotic pressure between
the inside and outside of the cells. In the case that the solu-
tion is hypotonic (salt concentration is lower than intracel-
lular), diffusion will occur in the opposite direction, meaning
that water will enter the cell to equilibrate osmotic pressure,
resulting in a swelling of the cells, which can eventually lead
to a rupture/burst of cellular membrane (turgidity). In both
situations, the rupture of cellular membrane will result in the
release of intracellular components, among which are lipids
(Halim et al. 2021).

Combined extractions (MEF + HHP and HHP + MEF)

As previously mentioned, to the best of our knowledge, this
is the first work in which the two technologies are strate-
gically combined to increase the yield of Nannochloropsis
lipid extraction. Overall, the results regarding the independ-
ent extractions are in accordance with the findings of the
previous experiments and, concerning the combinations
in which two extractions were performed, the observed
increased yields were to be expected, since biomass was
exposed twice to SM. Combinations of HHP and MEF tech-
nologies were able to increase both lipids and EPA yields,
enabling higher amounts per biomass to be obtained than
when each technology was applied independently.

Among the different combinations tested, the HHP + NaCl
combination presented the highest values. Eventually, expo-
sure of biomass to MEF extraction conditions caused the
cells to be prone to be impacted by pressure applied in HHP,
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resulting in higher EPA yields. Conjugating HHP extrac-
tion with subsequent extraction by MEF (or NaCl exposure)
further increased extraction yields, although, as abovemen-
tioned, such increases are resultant from the fact that bio-
mass is extracted twice since two extractions are performed
when HHP and MEF (or NaCl exposure) are combined.

The conditions applied in the combinations of the tech-
nologies and, particularly, the SM, utilized, presented higher
EPA yields than those obtained using the traditional meth-
odologies (conditions and solvent mixtures) and, as such,
the objective of finding alternative methodologies to extract
EPA from N. oculata was met.

Considering industrial application of such extraction
methodologies (and combinations thereof), despite the
increased yields and lower environmental impact provided
by the innovative approach, in comparison with the “classi-
cal” extraction methodologies and solvents, an economical
assessment of the process needs to be further performed
(cost—benefit analysis).
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