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A B S T R A C T

Microalgae have already shown their potential as an alternative source of n-3 LC-PUFA. In this study, 5 different
microalgal species (Isochrysis, Nannochloropsis, Phaeodactylum, Porphyridium and Schizochytrium) were added to
an acidic model system and screened on their potential use in acidic food matrices. The impact of mechanical
and thermal processing on the model systems was studied by analyzing the amount of n-3 LC-PUFA, free fatty
acids, carotenoids, lipid polymers and the oxidative stability. A (limited) reduction of n-3 LC-PUFA was ob-
served. Thermal alterations combined with the presence of free fatty acids seemed to be the causing factor for
this decrease. Furthermore, the oxidative stability of model systems enriched with photoautotrophic microalgae
was significantly higher than of those enriched with heterotrophic microalgae. It can therefore be concluded that
photoautotrophic microalgae low in initial free fatty acid content are a promising source of n-3 LC-PUFA in
thermally processed acidic food systems.

1. Introduction

The health benefits of omega-3 poly-unsaturated fatty acids are
generally accepted and are mainly associated with the consumption of
omega-3 long chain poly-unsaturated fatty acids (n-3 LC-PUFA) con-
taining a minimum of 20 carbon atoms, such as eicosapentaenoic acid
(EPA, C20:5n-3) and docosahexaenoic acid (DHA, C22:6n-3). Their role
in the prevention of cardiovascular diseases and in brain development
has been proven in different epidemiological and clinical studies
(Calder, 2014), although a recent study has reported conflicting results
of n-3 LC-PUFA supplementation (Aung et al., 2018). A daily intake of
250mg n-3 LC-PUFA has been recommended (FAO, 2010). Food
naturally rich in n-3 LC-PUFA, n-3 LC-PUFA enriched food and n-3 LC-
PUFA supplements can attribute to consuming a higher level of n-3 LC-
PUFA. However, supplements only reach a small part of the population
(Sioen, Devroe, Inghels, Terwecoren, & De Henauw, 2010). The con-
sumption of foods naturally rich in n-3 LC-PUFA, fatty fish and fish oil,
is low in most countries and a change in diet would be needed to meet
the recommended intake (Molendi-Coste, Legry, & Leclercq, 2011;
Sioen et al., 2010). In contrast, no change in eating habits is needed to

enhance the intake of n-3 LC-PUFA via widely consumed enriched food
products which reach a larger proportion of the population
(Anbudhasan, Surendraraj, Karkuzhali, & Ramasamy, 2014). In this
respect, there is an increased interest to enrich food products with n-3
LC-PUFA.

Microalgae, rich in n-3 LC-PUFA, could provide a sustainable al-
ternative source to fish and fish oil, given reducing global fish stocks
(Ryckebosch, Bruneel, Muylaert, & Foubert, 2012). Microalgae are
unicellular organisms, including photoautotrophic and heterotrophic
species and are the primary producers and a vegetarian source of n-3
LC-PUFA. They are characterized by a high growth rate and have been
shown to have a limited competition with agriculture since they do not
require arable land (Morales-Sánchez, Martinez-Rodriguez, Kyndt, &
Martinez, 2014; Rawat, Ranjith Kumar, Mutanda, & Bux, 2013). Mi-
croalgae can be cultivated in seawater or fresh water. Seawater mi-
croalgae do not depend on limited fresh water supplies and for micro-
algae that grow in freshwater, water demand is lower than for
terrestrial crops because microalgae do not actively transpire water
(Posten & Schaub, 2009). Photoautotrophic microalgae obtain their
energy from photosynthesis. For industrial production, they are
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cultivated under controlled circumstances in the presence of light and
carbon dioxide. Besides n-3 LC-PUFA they contain other high value
compounds like antioxidants (Ryckebosch, Bruneel, et al., 2012). Het-
erotrophic microalgae grow by fermentation on organic substrates
without light (Morales-Sánchez et al., 2014). Although they contain a
high amount of lipids (70%) they lack carotenoids (Perez-Garcia,
Escalante, de-Bashan, & Bashan, 2011). Each cultivation system has
advantages and disadvantages, but in general, microalgae offer a great
opportunity to innovate and create healthy food products enriched in n-
3 LC-PUFA. Previous studies show that in general, heterotrophic oil
extracted from the biomass (Park, Kelleher, McClements, & Decker,
2004; Chee et al., 2005; Gallaher, Hollender, Peterson, Roberts, &
Coupland, 2005; Lee et al., 2006; Serna-Saldivar, Zorrilla, De La Parra,
Stagnitti, & Abril, 2006; Valencia, Ansorena, & Astiasarán, 2007; Lopez-
Lopez, Cofrades, & Jiménez-Colmenero, 2009; García-Íñiguez de
Ciriano et al., 2010; Kassis, Beamer, Matak, Tou, & Jaczynski, 2010;
Tolasa, Lee, & Cakli, 2010; Pietrowski, Tahergorabi, Matak, Tou, &
Jaczynski, 2011; Sedoski, Beamer, Jaczynski, Partington, & Matak,
2012; Berasategi et al., 2014; Lamas et al., 2015; Alejandre, Passarini,
Astiasarán, & Ansorena, 2017), as well as the whole autotrophic mi-
croalgal biomass can serve as delivery system of n-3 LC-PUFA (Gouveia,
Batista, Raymundo, & Bandarra, 2008; Gouveia et al., 2008; Fradique
et al., 2013; Babuskin, Krishnan, Babu, Sivarajan, & Sukumar, 2014;
Babuskin, et al.., 2015; Batista et al., 2017; Garcia-Segovia, Pagan-
Moreno, & Martinez-Monzo, 2017).

Due to their large number of double bounds, n-3 LC-PUFAs are,
however, highly susceptible to lipid oxidation. Oxidation of n-3 LC-
PUFA should be avoided, since it results in loss of nutritional value,
undesired flavor and the presence of toxic compounds (Frankel, 2005).
The presence of (natural) antioxidants in the food matrix can help to
prevent the fatty acids from oxidation (Jacobsen, 2010). In this respect,
fruit and vegetable based products (for example soups, sauces,
smoothies and juices) might be an interesting matrix given their rela-
tively high endogenous antioxidant capacity. Moreover, fruit and ve-
getable based products are essential in a healthy diet and also contain
other high-value compounds, like antioxidants and micronutrients
(Darmon, Darmon, Maillot, & Drewnowski, 2005).

Limited research has been performed on the use of microalgae in
food products. A dozen studies have focused on the use of heterotrophic
microalgal oil in egg products, dairy products, fish, meat and bread
(Gheysen, Matton, & Foubert, 2018). Only one of them has taken the
impact of typical food processing steps (mechanical and thermal
treatments) as well as the oxidative stability of the end product into
account. Lee et al. (2006) investigated the enrichment of cooked meat
products with n-3 LC-PUFA from heterotrophic microalgal oil. They
observed that the cooking step reduced the amount of n-3 LC-PUFA in
all samples whether or not antioxidants were added. Only the samples
without added antioxidants, however, showed an increase in the
amount of oxidation during storage. These results indicate the im-
portance of antioxidants to prevent oxidation in food products enriched
with n-3 LC-PUFA. Given that the consumers are highly interested in
natural antioxidants (Guedes, Amaro, & Malcata, 2011), it could be
more beneficial to add photoautotrophic microalgae, containing en-
dogenous antioxidants, as a source of n-3 LC-PUFA (Ryckebosch,
Bruneel, et al., 2012). Studies focusing on the use of photoautotrophic
microalgae in food products are, however, even more limited. Some
studies about the enrichment of eggs, desserts, paste, bread and plant
based oils with photoautotrophic microalgal biomass have been per-
formed, but none of them have investigated the remaining amount of n-
3 LC-PUFA after processing and the oxidative stability of the treated
product upon storage.

From the above, it is clear that very little research has been per-
formed on n-3 LC-PUFA enrichment of food products by microalgae
addressing processing effects and oxidative stability during storage.
Notwithstanding their high antioxidative capacity, there are, to the best
of our knowledge, no studies focusing on the enrichment of fruit and

vegetable based products with microalgae. Before studying the inter-
action with real fruit and vegetable based products, in the present study
aqueous acidic model systems (representative of acidic fruit and vege-
table based products) were enriched with microalgal biomass. The ef-
fect of mechanical (high pressure homogenization) and thermal (pas-
teurization) processing on n-3 LC-PUFA and the endogenous
antioxidants was investigated. All enriched model suspensions were
characterized for their amount of n-3 LC-PUFA, free fatty acids, car-
otenoids and lipid polymers. Moreover, the oxidative stability of the
enriched model systems was followed during a 12week storage ex-
periment by measuring the primary and secondary lipid oxidation
products. It is hypothesized that the oxidative stability of the microalgal
species may be affected by the presence of endogenous antioxidants.
Therefore, suspensions enriched with photoautotrophic microalgae are
expected to be more oxidatively stable than those enriched with het-
erotrophic microalgae. Furthermore, it is hypothesized that processing
steps may influence the amount of endogenous antioxidants and by
association, the oxidative stability.

2. Materials and methods

All solvents used for lipid extraction, determination of n-3 LC-PUFA,
free fatty acids, lipid polymers, carotenoids and the measurement of
primary oxidation (chloroform, methanol, toluene, hexane, di-
chloromethane, acetonitrile and ethyl acetate) were HPLC grade and
purchased from Carl Roth (Karlsruhe, Germany) or Biosolve
(Valkenswaard, the Netherlands).

2.1. Microalgal biomass

Five different n-3 LC-PUFA rich microalgae (4 photoautotrophic and
1 heterotrophic) were used in this study. The biomass was obtained
from different companies: Isochrysis sp. and Nannochloropsis sp., cur-
rently named as T-Isochrysis sp. and Microchloropsis sp. respectively
(Bendif, Probert, Schroeder, & de Vargas, 2013; Fawley, Jameson, &
Fawley, 2015), (both photoautotrophic) from Proviron (Hemiksem,
Belgium) and Schizochytrium sp. (heterotrophic) from Mara Renewables
Corporation (Dartmouth, Canada) were delivered as freeze dried bio-
mass. Phaeodactylum sp. and Porphyridium sp. (both photoautotrophic)
were obtained from Necton (Olhão, Portugal) as a wet paste and were
freeze dried at Proviron (Hemiksem, Belgium). All biomasses were
stored at −80 °C until use. The n-3 LC-PUFA content, fatty acid com-
position and lipid class composition of the biomass is shown in Table 1.
The biomass was characterized in terms of n-3 LC-PUFA and fatty acid
composition according to the method described in Section 2.3.2 and
lipid class composition according to the method described in Section
2.3.3.

2.2. Experimental set up

Fig. 1 shows a general overview of the experimental set up of this
study. For each of the different microalgae a model suspension was
made according to the steps shown in Fig. 1. At the beginning and after
all the different processing steps, the suspensions were analyzed for the
amount of n-3 LC-PUFA, free fatty acids, carotenoids and lipid poly-
mers. Moreover, the processed model suspensions were stored for
12 weeks at 37 °C and analyzed for the amount of primary and sec-
ondary lipid oxidation products at week 0, 2, 4, 8 and 12. For each of
the five microalgal species used in this study, the suspension was pre-
pared in twofold and independently treated from its duplicate. The
different steps presented in Fig. 1 will be discussed more in detail in
Sections 2.2.1–2.2.4.

2.2.1. Preparation of model suspensions
An appropriate amount of freeze dried microalgal biomass (see

Table 1) was suspended in demineralized water by mild stirring for
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30min to obtain a concentration of 80mg n-3 LC-PUFA (EPA+DHA)/
100 g suspension. At this concentration, the product can be labelled as
‘a product rich in n-3 LC-PUFA’ (European Commission, 2010). This
claim can be mentioned if 80mg EPA+DHA is present in the product
per 100 g or per 100 kcal, whichever amount is limiting. The pH of the
suspension was lowered to pH 4 using hydrochloric acid, considering
the suspension is a model system for acidic fruit and vegetable based
products.

2.2.2. Mechanical treatment
The suspensions were mechanically treated by high pressure

homogenization (HPH) (Panda 2 K, Gea Niro Soavi, Parma, Italy) at
100MPa for a single pass to create a stable homogenous suspension.
This processing step did not target cell wall disruption (Balduyck et al.,
2017). The inlet of the homogenizer was thermostated at 4 °C using a
cryostat (Haake, Karlsruhe, Germany) and homogenized suspensions
were collected in an ice bath. Each suspension was independently
mechanically treated from its duplicate.

2.2.3. Thermal treatment
The homogenized suspensions were thermally treated by a pas-

teurization process, coinciding with the thermal treatment applied for
acidic fruit and vegetable based products. The suspension was placed in
glass jars (95mm height, 45mm diameter) with metal lids, each con-
taining 80mL suspension. The pasteurization process was performed in
a pilot-scale water-cascading retort (Barriquand Steriflow, Paris,
France) at 90 °C to obtain a process value of 10 °CPU90 °C= 3min. The
temperature profiles in the suspensions were recorded using thermo-
couples and registered by the Ellab Valsuite Plus software (Ellab,
Hillerǿd, Denmark). Each suspension was independently thermally
treated from its duplicate.

2.2.4. Storage
After thermal processing, the jars from the same duplicate were

pooled. The suspensions (except for the fraction needed in the storage

experiment) were freeze dried (Christ alpha 2–4, Osterode, Germany)
and stored at −80 °C, until further analysis. The fraction needed for the
accelerated storage test was chemically sterilized with 0.25% potassium
sorbate. Amber screw-cap vials (20mL) were filled with 7.5mL treated
suspension, hermetically sealed and stored for 12 weeks at 37 °C. At this
temperature the lipid oxidation process is accelerated compared to
room temperature without modifications in the oxidation pathways
(Schaich et al., 2013). Five different time points (week 0, 2, 4, 8 and 12)
were evaluated in terms of primary and secondary oxidation. The sus-
pensions for primary oxidation were freeze dried after the storage time.
All vials were stored at −80 °C until analysis, to prevent further oxi-
dation. The storage experiment was performed in duplicate.

2.3. Analyses

2.3.1. Lipid extraction from microalgal biomass
The total lipid fraction was extracted from the biomass with

chloroform/methanol (1/1) according to Ryckebosch, Muylaert, &
Foubert (2012) and determined gravimetrically. In brief, 4 mL me-
thanol, 2 mL chloroform and 0.4mL water were added to 100mg freeze
dried suspension. In case of extraction for n-3 LC-PUFA and free fatty
acid determination, an internal standard (5mg lauric acid (C12:0)) was
added. The sample was vortexed and 2mL chloroform and 2mL water
were added. The sample was vortexed again and centrifuged for 10min
at 750g. After centrifugation, the upper layer was removed and the
lower organic layer was transferred to a clean tube. The remaining
pellet was re-extracted with 4mL chloroform/methanol (1/1), vortexed
and centrifuged for 10min at 2000 rpm. The solvents were transferred
to the same tube as before. The whole procedure was repeated a second
time and the solvents were pooled with the first extraction. The pooled
solvents were filtered through a filter paper (Whatman n°1, Sigma Al-
drich, Bornem, Belgium) with a sodium sulfate layer, to remove re-
sidual water. The filter was washed carefully with chloroform/me-
thanol (1/1). The solvents were removed by rotary evaporation and the
total lipid content was determined gravimetrically. For each suspension
the extraction was performed in duplicate.

2.3.2. Determination of n-3 LC-PUFA content
The determination of the n-3 LC-PUFA content was performed by a

methylation followed by chromatographic separation according to
Ryckebosch, Muylaert, et al. (2012) with some slight modifications. In
brief, 5 mg extracted lipids were dissolved in 1mL toluene to which
2mL 1% sulfuric acid in methanol was added. The mixture was kept
overnight at 50 °C to complete the acid catalyzed methylation. The
mixture was brought back to room temperature and 5mL 5% NaCl in
water was added to improve phase separation. The formed fatty acid
methyl esters (FAMEs) were extracted with hexane. The hexane phase,
containing the FAMEs, was diluted (to 500 ng/µl) and analyzed by gas
chromatography (GC) with cold on-column injection and flame

Table 1
n-3 LC-PUFA content (mg/g dried biomass), incorporation concentration (g/100 g suspension), fatty acid composition (%) and lipid classes (%) of Isochrysis,
Nannochloropsis, Phaeodactylum, Porphyridium and Schizochytrium biomass.

Isochrysis Nannochloropsis Phaeodactylum Porphyridium Schizochytrium

n-3 LC-PUFA content (mg/g dried biomass) 17 ± 1 39 ± 3 33 ± 2 13 ± 1 304 ± 27
Incorporation concentration

(g/100 g suspension)
4.65 2.05 2.45 6.15 0.26

Fatty acid composition (%)
Saturated fatty acids 30 ± 2 36 ± 2 28 ± 1 36 ± 2 56 ± 2
Mono-unsaturated fatty acids 15 ± 1 30 ± 2 17 ± 1 10 ± 1 3 ± 1
Poly-unsaturated fatty acids 55 ± 2 34 ± 1 55 ± 2 54 ± 3 41 ± 2

Lipid classes (%)
Neutral lipids 41 ± 1 50 ± 1 41 ± 1 50 ± 4 94 ± 2
Glycolipids 32 ± 1 23 ± 2 32 ± 1 31 ± 3 3 ± 1
Phospholipids 27 ± 1 27 ± 2 27 ± 1 19 ± 1 3 ± 1

Fig. 1. General overview of the experimental set up.
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ionization detection (FID) (Trace GC Ultra, Thermo Scientific, Inter-
science, Louvain-la-Neuve, Belgium). The following temperature–time
program was used: 70–180 °C (10 °C/min), 180–235 °C (4 °C/min),
235 °C (4.75min) on an EC Wax column of length 30m, i.d. 0.32mm,
film 0.25 µm (Grace, Lokeren, Belgium). Peak identification was per-
formed by comparing retention times with FAME standards (Nu-Chek
Prep. Inc., Elysian, USA). Peak areas were quantified with Chromcard
2.5 for Windows software. The amount of n-3 LC-PUFA was calculated
on the amount and peak area of the internal standard. The determi-
nation of n-3 LC-PUFA was performed in duplicate for each suspension.

2.3.3. Determination of lipid classes
The separation of lipid classes was done according the method of

Ryckebosch, Muylaert, et al. (2012). Briefly, 20mg of extracted lipids
was dissolved in 200 µl chloroform. The lipid sample was adsorbed on a
silica SPE-column pre-rinsed with chloroform. Consecutive elution with
chloroform (10mL), acetone (10mL) and methanol (10mL) resulted in
separation of the neutral lipids, glycolipids and phospholipids respec-
tively. Each lipid class was determined gravimetrically. The determi-
nation of lipid classes was performed in triplicate for each microalgal
biomass.

2.3.4. Determination of total free fatty acid content
The determination of total free fatty acid content was done by the

formation of dimethylamide derivatives and chromatographic separa-
tion according to Kangani, Kelley, and DeLany (2008) with some slight
modifications. 10mg extracted lipids were dissolved in 1mL di-
chloromethane. After the addition of 10 µl diisopropylethylamine and
30 µl diethylamine, the solution was cooled to 0 °C. 40 µl bis(2-meth-
oxyethyl)aminosulfur trifluoride (Sigma-Aldrich, Bornem, Belgium)
was added dropwise and the solution was kept for 5min at 0 °C. After
warming up to room temperature (25min), 2 mL water and 4mL
hexane were added. The solution was homogenized for 1min, cen-
trifuged for 10min at 750g and the upper organic phase, containing the
free fatty acid derivatives, was analyzed by the same GC-FID, as de-
scribed in Section 2.3.2, with following temperature–time program:
100–160 °C (20 °C/min), 160–240 °C (4 °C/min), 240 °C (27min). Peak
areas were quantified with Chromcard 2.5 for Windows software (In-
terscience). The peak areas were summed and compared with the area
of the internal standard (C12:0) to calculate the total free fatty acid
content. The determination of free fatty acids was performed in dupli-
cate for each suspension.

2.3.5. Determination of carotenoid content
The carotenoid content was determined according to Wright et al.

(1991). Glass beads and 5mL methanol were added to 25mg of freeze
dried biomass. After vortexing, the solution was centrifuged for 10min
at 750g. The supernatant was transferred into a clean tube and the
procedure was repeated 3 more times. All supernatants were pooled in
the same tube. The extract was filtered (PVDF syringe filters, 4 mm,
0.2 µm) and analyzed with high pressure liquid chromatography
(HPLC) with photodiode array detector (PAD) at 436 nm (Alliance,
Waters, Zellik, Belgium) with a Waters Sperisorb OD52 column (5 µm;
4.6 * 250mm). The column was kept at 30 °C and the samples before
injection at 10 °C. The mobile phases methanol/ammonium acetate
buffer (80/20, pH 7.2, 0.5 M) (A), acetonitrile/ultrapure water (90/10)
(B) and ethyl acetate (C) were used in following gradient program:

• 0–4min: linear gradient from 100% A to 100% B

• 4–18min: linear gradient from 100% B to 20% B and 80% C

• 18–21min: linear gradient to 100% B

• 21–24min: linear gradient to 100% A

• 24–29min: isocratic at 100% A

External calibration curves were set up for antheraxanthin, violax-
anthin, diadinoxanthin, diatoxanthin, lutein, zeaxanthin, fucoxanthin

(DHI, Horsholm, Denmark) and β-carotene (Sigma-Aldrich, Bornem,
Belgium) to be able to express the results as µg/100 g suspension. Peak
areas were quantified with Empower 2 for Windows software. The
determination of carotenoids was performed in duplicate for each sus-
pension.

2.3.6. Determination of amount of lipid polymers
The polymer content was measured according to the method of

Lehtonen, Lampi, Agalga, Struijs, and Piironen (2012) on the lipid
samples extracted as described in Section 2.3.1. In brief, 25mg ex-
tracted lipids were dissolved into 1mL tetrahydrofuran (THF) (in-
cluding 0.025% BHT). The dissolved samples were filtered (0.45 µm
GHP, Acrodisc®; Pall Corporation, Port Washington, NY, USA) and
analyzed with size-exclusion chromatography coupled with a refractive
index detector (SEC-RI). The separation of compounds with a molecular
weight up to 4000 g/mol was performed at 40 °C on one 100-Å and two
50-Å PLGel columns (5 µm, 300mm×7.5mm i.d.; Polymer Labora-
tories Inc., MA, USA) connected in series. THF was used as mobile phase
(0.6 mL/min flow). Peaks having a shorter retention time than the re-
ference peak (27.7min) were labeled as lipid polymers. The reference
peak was rapeseed oil (comprising 98% triacylglycerols). All analyses
were done in duplicate for each suspension.

2.3.7. Determination of primary oxidation
The peroxide value (PV) was measured according to the method of

Wrolstad et al. (2005) with some slight modifications. At each time
point, the lipid fraction of the freeze dried suspension was extracted
according the method described in Section 2.3.1. In brief, 10mg ex-
tracted lipids were dissolved in chloroform/methanol 7/3 (9.9 mL) and
this solution was diluted by 1/10. Subsequently, xylenol orange (Sigma-
Aldrich, Bornem, Belgium) (50 µl; 10mM) and Fe (II) chloride solution
(50 µl; 18mM) were added. The sample was measured at 560 nm after
exactly 5min of incubation at room temperature. A blank of the Fe (II)
chloride solution was measured to determine the freshness of the Fe (II)
solution. Therefore xylenol orange (50 µl; 10 mM) and Fe (II) chloride
solution (50 µl) were added to chloroform/methanol 7/3 (9.9 mL). A Fe
(III) chloride standard solution (10 µg/l) was prepared to set up the
calibration curve of Fe (III) versus absorbance. The PV value was cal-
culated by following equation:

=

− ∗

∗ ∗

PV A A m
W

[( ) ]
55, 84 2

S B i

where AS is the absorbance of the sample, AB is the absorbance of the
blank, mi is the inverse of the slope of the calibration curve, W is the
weight of the sample (g), 55.84 is the atomic weight of Fe (III). All data
points were normalized to a reference point of zero at zero weeks to be
able to better compare the impact of oxidation during storage. All
analyses were done in duplicate for each suspension.

2.3.8. Determination of secondary oxidation
The volatile compounds originating from lipid oxidation were

analyzed by headspace solid phase micro extraction gas chromato-
graphy mass spectrometry (HS-SPME GC–MS) according to the method
of Van Durme, Goiris, De Winne, De Cooman, and Muylaert (2013). The
vials, obtained from the storage experiment, were incubated for 30min
at 60 °C. The compounds of the headspace were extracted on a CAR/
DVB/PDMS SPME fiber (Supelco, Sigma-Aldrich N.V., Bornem, Bel-
gium) for 35min at 60 °C. The volatile compounds were splitless in-
jected and helium was used as carrier gas. The following temperature-
time program was applied: 40 °C (5min), from 40 to 250 °C (5 °C/min),
250 °C (5min) on a crosslinked methyl silicone column (HP-PONA) of
length 50m, i.d. 0.20mm, film thickness 0.5 μm (Agilent Technologies,
Diegem, Belgium). The injector and transfer lines were maintained
isothermally at 250 and 280 °C, respectively. Mass spectra in the elec-
tron ionization (MS-EI) mode were generated at 70 eV, and recorded in
the mass range from 40 to 250 amu (scan mode) during 60min.
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Instrument control and data collection were performed using the GC-
MSD Chemstation (G2070AA, Agilent Technologies software). Com-
pounds were identified using the Wiley 275 mass spectral library con-
taining EI mass spectral data (John Wiley and Sons, Hewlett-Packard,
Hoboken, NJ, USA). Based on literature, following volatile compounds
originating from lipid oxidation were selected as indicator (Lee et al.,
2003; Ritter & Budge, 2012): trans-2 pentenal, heptanal, octanal, 2-
heptenal, 6-methyl-5-hepten-2-on, nonanal, 2,4-hexadienal, 2-octenal,
2,4-heptadienal, 2-nonenal, 3,5-octadien-2-one and 2,6-nonadienal.
The semi quantitative concentrations of the identified volatile com-
pounds were calculated as the area of the volatile indicator component
divided by the response factor of the external standard hexanal. All data
points were normalized to a reference point of zero at zero weeks to be
able to better compare the impact of oxidation during storage. All
analyses were done in duplicate for each suspension.

2.4. Statistical analysis

Results were statistically evaluated by a two way analysis of var-
iance (ANOVA) model in order to assess both the impact of processing
and species (for n-3 LC-PUFA, free fatty acids, carotenoids and lipid
polymers) or time and species (for primary and secondary oxidation
products). A multiplicative model was applied to verify whether in-
teraction effects occurred. If not, an additive model was applied to
study the effect of the variables separately. A post hoc Tukey test was
used and differences were determined at a significance of α=0.05. All
statistical analyses were performed with JMP Pro 12.1 software (SAS
Institute Inc., Cary, USA).

3. Results and discussion

3.1. Influence of processing on n-3 LC-PUFA content

The amount of n-3 LC-PUFA in the suspension was measured before
(untreated) and after the mechanical and thermal processing steps
(treated). The results are shown in Fig. 2. As for each microalgal species
the initial amount of n-3 LC-PUFA in the model suspension was stan-
dardized to a concentration of 80mg n-3 LC-PUFA/100 g suspension,
no significant differences were found between the untreated

suspensions of the different species. Due to the different processing
steps, a significant reduction was detected in all treated suspensions. No
significant differences were seen in the remaining amount of n-3 LC-
PUFA between the suspensions enriched with Isochrysis, Nanno-
chloropsis, Phaeodactylum and Schizochytrium. In addition, the reduction
in the amount of n-3 LC-PUFA in these suspensions was limited to a
maximum of 20%. An overall recovery of more than 80% of n-3 LC-
PUFA after mechanical and thermal treatment, is a promising result for
the use of microalgae in food applications. However, the suspensions
enriched with the species Porphyridium showed a larger decrease in the
amount of n-3 LC-PUFA compared to the suspensions enriched with the
other species. In general, in all enriched suspensions a decrease in the
amount of unsaturated fatty acids, mainly n-3 LC-PUFA, could be ob-
served, while almost no change in the amount of saturated fatty acids
could be detected.

The potential losses of n-3 LC-PUFA due to processing steps were
described in several earlier studies. Lee et al. (2006) reported com-
parable results with an overall recovery of 69%–85% of n-3 LC-PUFA
after cooking meat products enriched with heterotrophic microalgal oil.
They suggested physical fat losses as an explanation for the n-3 LC-
PUFA reduction. Studies on processing of products naturally rich in n-3
LC-PUFA (e.g. fish) showed similar results. Significant decreases were
detected in the amount of n-3 LC-PUFA due to typical food processing
steps in the studies of amongst others Cheung, Tomita, and Takemori
(2016) and Yagiz et al. (2009). The amount of reduction seemed to be
strongly dependent on the type of food product and the used treat-
ments. Besides the strong variations in matrix used, the explanations for
the reduction in amount of n-3 LC-PUFA were very limited. Lipid oxi-
dation was the main suggestion to explain the losses of EPA and DHA.
Cheung et al. (2016) suggested, in addition to lipid oxidation, other
mechanisms such as physical losses and thermal degradation as possible
causative factors for the reduction in n-3 LC-PUFA. Physical losses are
typically observed by adherence to glassware, tubes of the high pres-
sure homogenizer, etc…. As the analyses of n-3 LC-PUFA were per-
formed on freeze dried suspensions and recalculated to the theoretically
added amount of biomass per 100 g suspension, a correction for pos-
sible physical losses was already implemented. Hence, this explanation
could already be eliminated as a possible causative factor. The two
other suggestions will be discussed below.

3.2. Lipid oxidation

Fig. 3a shows the results of the primary oxidation products formed
during a 12week storage at 37 °C. Clear differences in oxidative stabi-
lity between the species were observed. In model suspensions enriched
with Isochrysis, Nannochloropsis, Phaeodactylum and Porphyridium a
significant increase in the amount of primary oxidation products from
time point 0 to 12 weeks of storage was ascertained, which illustrates
the formation of hydroperoxides. Since none of these suspensions
showed a subsequent decrease in peroxide value (following the initial
increase) during the 12weeks, the oxidation process was still in the
early stages. Moreover, no significant differences were detected be-
tween the suspensions enriched with Isochrysis, Nannochloropsis,
Phaeodactylum and Porphyridium. On the other hand, in the model
suspensions enriched with Schizochytrium a significant decrease in the
peroxide value from 0 to 12weeks was observed. It is remarkable that
no increase in peroxide value for these suspensions was detected. This
suggests that in these suspensions a high amount of hydroperoxides
(absolute values at week 0 of 0.208 ± 0.015meq hydroperoxides/
100 g suspension for suspensions enriched with Schizochytrium com-
pared to 0.024 ± 0.001 for suspensions enriched with autotrophic
microalgae) was already formed during processing and those hydro-
peroxides transformed into secondary oxidation products, coupled with
a decrease in peroxide value, during storage. This indicates a lower
oxidative stability for Schizochytrium compared to the other species.

The results of the secondary oxidation confirmed the results of the

Fig. 2. Amount of n-3 LC-PUFA (mg/100 g suspension) for suspensions en-
riched with Isochrysis, Nannochloropsis, Phaeodactylum, Porphyridium and
Schizochytrium before (untreated, dark bars) and after (treated, grey bars)
processing (high pressure homogenization+pasteurization). Statistical differ-
ences with α=0.05, evaluated by a two way ANOVA model in order to assess
both the impact of treatment and species, are indicated with a different letter.
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primary oxidation. In Fig. 3b, again two trends could be established.
Suspensions enriched with Isochrysis, Nannochloropsis, Phaeodactylum
and Porphyridium showed a small, but significant, increase in the vo-
latiles originating from lipid oxidation. The slow increase in secondary
oxidation compounds suggests again, in line with the results of the
primary oxidation, that the oxidation process was still at an early stage.
Again, no differences were detected between the suspensions enriched
with the different microalgal species. Suspensions enriched with Schi-
zochytrium showed a steep increase in the volatile compounds followed
by a stagnation phase and even a slow decrease at the end of the storage
experiment. Since primary oxidation products transform into secondary
oxidation products, there is a delay between both oxidation markers
(Frankel, 2005). This explains the difference between the tendency of
the primary and secondary oxidation compounds. However, both

parameters illustrated a lower oxidative stability for the model sus-
pension enriched with Schizochytrium.

In conclusion, large differences could thus be observed in the oxi-
dative stability of the enriched suspensions depending on the used
microalgal species. Suspensions enriched with photoautotrophic mi-
croalgae (Isochrysis, Nannochloropsis, Phaeodactylum or Porphyridium)
showed a significantly higher oxidative stability compared to suspen-
sions enriched with heterotrophic microalgae (Schizochytrium).

The higher oxidative stability of model suspensions enriched with
Isochrysis, Nannochloropsis, Phaeodactylum and Porphyridium compared
to suspensions enriched with Schizochytrium could most probably be
explained by the dissimilarity in carotenoid content (Table 2). Large
initial differences in the quantity and variety of carotenoids between
the species were observed and could be explained by their growth

Fig. 3. a & b Evolution of primary oxidation (3a) and secondary oxidation (3b) during 12 weeks of storage at 37 °C for the suspensions enriched with Isochrysis (●),
Nannochloropsis (○), Phaeodactylum (▾), Porphyridium (Δ) and Schizochytrium (■) after high pressure homogenization and pasteurization. The results are normalized.
The peroxide value is expressed as meq hydroperoxides/100 g suspension (3a) and the volatile compounds originating from lipid oxidation are expressed as mg
hexanal equivalents/100 g suspension (3b).

L. Gheysen et al. Food Chemistry 268 (2018) 441–450

446



conditions. The carotenoid containing microalgae Isochrysis, Nanno-
chloropsis, Phaeodactylum and Porphyridium are photoautotrophic mi-
croalgae. This means that their growth is based on photosynthesis for
which photosynthetic pigments like carotenoids are needed (Pulz &
Gross, 2004). The fact that no carotenoids were detected in the sus-
pensions enriched with Schizochytrium can thus be explained by their
heterotrophic growth (Morales-Sánchez et al., 2014). Suspensions en-
riched with Isochrysis and Phaeodactylummainly contained fucoxanthin,
suspensions enriched with Nannochloropsis showed a combination of
mainly antheraxanthin, violaxanthin and zeaxanthin, suspensions en-
riched with Porphyridium contained mainly zeaxanthin. These results
were comparable with the literature (Goiris et al., 2012; Ryckebosch
et al., 2014).

A reduction in the amount of carotenoids in the treated suspensions
was detected in all cases. Indeed, carotenoids are sensitive to processing
conditions, mainly thermal treatments (Lee & Coates, 2003; Maiani
et al., 2009). However some of them showed higher resistance to the
treatments. In this study a higher stability of fucoxanthin, lutein and
zeaxanthin compared to antheraxanthin, diadinoxanthin, diatoxanthin
and violaxanthin was observed, which is in line with the results of Lee
and Coates (2003) and Mok, Yoon, Pan, and Kim (2016).

Carotenoids may have antioxidant activity due to their radical
scavenging properties (El-Agamey et al., 2004), with different car-
otenoids showing a different antioxidant capacity (Stahl & Sies, 2003).
However, until now, it is not clear what the impact is of the type of
carotenoids and their mutual cooperation on the antioxidant capacity.
The lipid oxidation results suggest that the presence of carotenoids in
general is more important than the specific type and amount.

The presence of carotenoids, in the photoautotrophic microalgae,
probably leads to a retardation in lipid oxidation and thus a higher
oxidative stability. It has been shown that n-3 LC-PUFA associated with
glyco- and phospholipids are less susceptible to lipid oxidation than
when associated to the neutral lipid class (Yamaguchi et al., 2012).
Thus, the lipid class composition may have also had an influence on the
oxidative stability. In Schizochytrium biomass 94% of the lipids were
neutral lipids while for autotrophic microalgae only 41–50% of the li-
pids were neutral lipids (see Table 1). Moreover Ryckebosch et al.
(2014) observed that in autotrophic microalgae more than 50% of the
EPA and DHA was associated with the glyco- and phospholipids.

However, the detected amount of lipid oxidation was too limited to
explain the reduction in n-3 LC-PUFA (see Section 3.1). Moreover the
highest reduction in n-3 LC-PUFA was detected in the suspensions en-
riched with Porphyridium, while the highest degree of lipid oxidation
was detected in the suspensions enriched with Schizochytrium. As such,
it can be concluded that lipid oxidation is not sufficient to explain the
observed reduction of n-3 LC-PUFA.

3.3. Thermal degradation of n-3 LC-PUFA

Thermal degradation could be another causative factor for the de-
crease in n-3 LC-PUFA. Thermal alterations can be caused by non-oxi-
dative as well as oxidative reactions. Studies focusing on the effect of
heat under strictly non-oxidative conditions showed among others the
formation of free fatty acids, cyclic monomeric triacylglycerols (TAG),
isomeric monomeric TAG and non-polar di- and oligomeric TAG. Heat
combined with a flow of oxygen might speed up the oxidation reaction
and can result in the formation of volatile compounds and oxidized
mono-, di- and oligomeric TAG (Nawar, 1969). In this study small
amounts of oxygen were present in the head space during thermal
treatment. It can therefore be assumed that both non-oxidative and
oxidative reactions occurred simultaneously. Focusing only on the
oxidation process was insufficient to explain the differences in the re-
duction of n-3 LC-PUFA between the different microalgal species (see
Section 3.2). Therefore, lipid polymers were measured by SEC-RI. No
particular effort was made to distinguish between non-oxidative and
oxidative thermal degradation products in this regard.

An increase in lipid polymers was detected in all treated suspensions
compared to the untreated model systems (Fig. 4). The biggest increase
in polymers was detected in the model systems enriched with

Table 2
Carotenoids composition (mg/100 g suspension; mean ± SD) for suspensions enriched with Isochrysis, Nannochloropsis, Phaeodactylum, Porphyridium and
Schizochytrium before (untreated) and after (treated) processing (high pressure homogenization+pasteurization). Statistical differences (per carotenoid) with
α=0.05, evaluated by a two way ANOVA model in order to assess both the impact of treatment and species, are indicated with a different letter.

Isochrysis Nannochloropsis Phaeodactylum Porphyridium Schizochytrium

Untreated Treated Untreated Treated Untreated Treated Untreated Treated Untreated Treated

Carotenoids
Fucoxanthin 50.93 ± 0.27a 50.34 ± 2.78a – – 37.50 ± 0.68b 27.59 ± 2.25c 2.48 ± 0.14d 2.28 ± 0.21d – –
Violaxanthin – – 3.50 ± 0.41a 0.54 ± 0.04b – – 0.77 ± 0.07c – – –
Diadinoxanthin 4.20 ± 0.04a – – – 1.02 ± 0.02b – 0.42 ± 0.07c – – –
Antheraxanthin 0.23 ± 0.01a – 2.13 ± 0.29b 1.47 ± 0.11c – – – – – –
Diatoxanthin 4.50 ± 0.06a 3.88 ± 0.19b – – 1.47 ± 0.01c – – – – –
Lutein – – – – – – 0.82 ± 0.15a 0.65 ± 0.11a – –
Zeaxanthin – – 1.93 ± 0.03a 1.65 ± 0.13a – – 10.82 ± 0.24b 8.35 ± 1.04c – –
β-carotene 3.02 ± 0.04a NQ – – 2.34 ± 0.19b NQ 5.27 ± 0.18c NQ – –

NQ: not quantifiable.

Fig. 4. Amount of lipid polymers (mg/100 g suspension) for suspensions en-
riched with Isochrysis, Nannochloropsis, Porphyridium and Schizochytrium before
(untreated, dark bars) and after (treated, grey bars) processing (high pressure
homogenization+ pasteurization). Statistical differences with α=0.05, eval-
uated by a two way ANOVA model in order to assess both the impact of
treatment and species, are indicated with a different letter.
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Porphyridium, followed by those enriched with Isochyris, Nanno-
chloropsis and Schizochytrium. Results for polymerization of model sys-
tems enriched with Phaeodactylum are unfortunately not available. The
amount of polymerization was of the order of magnitude of the re-
duction in n-3 LC-PUFA. This gives an indication that thermal altera-
tions, caused by non-oxidative as well as oxidative reactions, like
polymerization could be an explanation for the decrease in the amount
of n-3 LC-PUFA. Fournier et al. (2006) showed a decrease of 90% in n-3
LC-PUFA during the deodorization of fish oil at 180, 220 and 250 °C and
indicated that this involved the formation of lipid polymers. Studies
describing the formation of polymers in n-3 LC-PUFA rich food products
at lower temperatures do not exist. However, a higher moisture content
can accelerate polymerization reactions and can result in significant
amounts of polymers formed at lower temperatures (Nelson & Labuza,
1994).

The difference observed in the amount of polymerization might be
explained by the differences in the free fatty acid content. The un-
treated suspensions showed large initial differences in the amount of
total free fatty acids (Fig. 5). Porphyridium enriched suspensions already
showed a significantly higher amount of total free fatty acids before
processing than the other suspensions. Furthermore an increase in the
amount of free fatty acids due to processing was detected in suspensions
enriched with Isochrysis and Porphyridium. The lowest amount of total
free fatty acids after processing (4.3 mg/100 g suspension) was ob-
served in suspensions enriched with Schizochytrium. Intermediate
amounts of total free fatty acids were observed in suspensions enriched
with Isochrysis, Nannochloropsis and Phaeodactylum. When comparing
Figs. 4 and 5, it appears that the suspensions with a lower amount of
total free fatty acids, showed a lower increase in polymer content. Also,
there is literature evidence that EPA and DHA in the free fatty acid form
are more prone to polymerization reactions than their corresponding
ethyl ester form (Medina, Grima, Giménez, & González, 1998). Once the
fatty acids are esterified, no differences are expected between the dif-
ferent ester forms. To confirm this hypothesis a ‘good quality’ Por-
phyridium with a low initial amount of free fatty acids was processed
under the same conditions. Instead of the high reduction in n-3 LC-
PUFA as observed with the high free fatty acid containing Porphyridium,
only a limited reduction (of 8%) in n-3 LC-PUFA content could be de-
tected (detailed results not shown), confirming the hypothesis that loss

of n-3 LC-PUFA is related to high amounts of free fatty acids.
However, due to the limitations of the current analytical techniques

for complex lipid systems, conclusions based on these results of poly-
merization are indicative. Traditional analytical techniques allowed us
to separate the lipid fractions only based on the differences in molecular
weight compared to a reference. However, the complex lipid system of
microalgae consisting of a neutral, phospho- and glycolipid fraction
makes the separation based on size more complicated. Therefore, the
hypothesis of thermal degradation and the relation with the presence of
free fatty acids as the causative factor for the reduction in n-3 LC-PUFA
should be investigated more in detail. However, in order to do so, more
advanced analytical techniques for complex lipid systems should be
developed.

4. Conclusions

Mechanical and thermal processing reduced the amount of n-3 LC-
PUFA in model systems enriched with microalgal biomass. However,
this reduction was less than 20% for the model systems enriched with
Isochrysis, Nannochloropsis, Phaeodactylum and Schizochytrium, but was
more pronounced for systems enriched with Porphyridium with a high
free fatty acid content. The reduction in n-3 LC-PUFA could not be
(fully) explained by lipid oxidation. Yet, clear differences in oxidative
stability between model systems enriched with photoautotrophic
(Isochrysis, Nannochloropsis, Phaeodactylum and Porphyridium) and
heterotrophic (Schizochytrium) biomass were observed. The presence of
carotenoids in the photoautotrophic microalgae probably leads to a
retardation in lipid oxidation and thus a higher oxidative stability. This
observation supported our hypothesis that the oxidative stability of the
microalgal species may be affected by the presence of endogenous an-
tioxidants. Thermal degradation, possibly combined with extended
oxidation in the case of heterotrophic microalgae, was the causative
factor for the decrease in n-3 LC-PUFA. Thermal alterations, caused by
non-oxidative as well as oxidative reactions, were (indicatively) de-
tected in all treated model systems. Especially in the Porphyridium
system which showed the most significant decrease in n-3 LC-PUFA, a
pronounced increase in polymer content was also observed. The free
fatty acid content can be related to the degree of lipid polymer for-
mation, since it was shown that the use of Porphyridium with a lower
initial free fatty acid content resulted in a lower reduction of n-3 LC-
PUFA. From this study, it can thus be concluded that photoautotrophic
microalgae with a low free fatty acid content are a promising source of
n-3 LC-PUFA in thermally processed food systems.
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