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A B S T R A C T   

There is an increasing need for sustainable sources of omega-3 fatty acids; this challenge can be addressed 
through large-scale production of eicosapentaenoic acid (EPA) using microalgae. Identification of suitable strains 
is key in successful process scale-up. However, it is not certain whether conclusions from small-scale systems (i.e. 
flasks and well plates) can be translated to larger photobioreactors. To examine this issue the productivity and 
fatty acid composition of eleven different microalgal strains was quantified using both flask and photobioreactor 
cultures, generating a significant experimental dataset. Results from the flask screening offered relatively poor 
predictions of performance in photobioreactors, suggesting a need for improved screening tools. Of the species 
examined, Phaeodactylum tricornutum was found to be the most promising when grown in photobioreactors. To 
further guide scale-up the effect of environmental conditions (temperature and salinity) on EPA production was 
examined. It was found that the EPA content was ~5% of the dry biomass and this was approximately constant 
for the range of temperatures (13–27 ◦C) and salinities (35–50 g L− 1) examined. Finally, detailed nutritional 
information about the biomass is presented, which can serve as a starting point for its formulation into food 
products.   

1. Introduction 

Eicosapentaenoic and docosahexaenoic acids (EPA and DHA) are 
essential nutrients for humans due to their vital roles in neurological 
development and prevention of chronic diseases [1–4]. The main dietary 
source of EPA and DHA is fish [5–7]. However, it has been estimated that 
the current supply of EPA and DHA from both capture fisheries and 
aquaculture could meet only 30% of the demand for human consump
tion (1.3–1.4 Mt yr− 1) [7,8]. The growing world population along with 
the stagnation in global fish stocks could further exacerbate the EPA/ 
DHA shortfall [7]. Sustainable strategies are clearly needed to bridge the 
EPA/DHA supply-demand gap. 

One way of addressing this challenge is the heterotrophic cultivation 
of microorganisms which produce EPA and DHA. For example, Schizo
chytrium sp. and Crypthecodinium cohnii [9] as well as recombinant 
strains of the yeast Yarrowia lipolytica [10] have been used for the 
commercial production of EPA and DHA. Heterotrophic processes have 
the advantage of relatively high productivities, particularly when 
compared to photoautotrophic processes. However, they rely on plant- 

based feedstocks, which may have drawbacks from a sustainability 
perspective. In contrast, photoautotrophic production does not require 
arable land or fresh water, which may be advantageous from a sus
tainability perspective [11]. Development of scalable, cost-effective 
production processes is the factor limiting the photoautotrophic pro
duction of EPA using microalgae. A key factor is the identification of 
suitable species for large-scale production. Suitable species would have 
a high EPA content, the ability to be readily cultivated at scale and have 
a composition such that they can be readily included in foods. 

Numerous studies have characterized the fatty acid profiles of 
microalgae, finding that certain species of Haptophyta, Bacillariophyta, 
Ochrophyta and Rhodophyta contain EPA up to 30–50% of the total 
fatty acids [12–16]. However, the majority of previous work has been 
done using flask cultures and it is uncertain whether these results can be 
extrapolated to large systems. Conditions in large-scale photo
bioreactors are more complex than those found in small-scale screening 
systems, for example, the cells might be subject to fluctuations in light 
conditions and hydrodynamic stress of pumping [17]. Additionally, 
outdoor growth imposes additional stresses on the cells, for example, 
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they will be exposed to diurnal and seasonal temperature variations 
which can affect both the growth rate and fatty acid composition 
[18–24]. Open culture systems (i.e. ponds and raceways) while having 
the advantage of lower capital costs are also particularly susceptible to 
contamination. Strains that can tolerate hypersaline conditions may be 
advantageous in this aspect as increasing the salinity of the growth 
medium has been shown to be a viable strategy for reducing microbial 
contamination [25]. Hence, there is a need for additional work to 
characterize the performance of strains to have a better understanding of 
how they would perform under relevant, industrial conditions. 

Recent years have seen an emerging trend in algal functional foods 
and supplements. Chlorella sp. and Arthrospira sp. were among the first 
microalgae/cyanobacteria that were commercialized as dietary supple
ments; however, they lack essential ω-3 fatty acids [9]. As previously 
noted, inclusion of EPA containing algal biomass in foods is a way to 
sustainably provide these key nutrients. Understanding the whole 
biomass composition (and not just the fatty acids in isolation) is a 
necessary step prior to inclusion in foods, particularly since the biomass 
may provide other valuable nutrients (e.g. protein and vitamins). 
Zanella and Vianello [26] reviewed the composition of Nannochloropsis 
species, finding that in addition to EPA the biomass contained relatively 
high levels of cobalamin (vitamin B12) and carotenoids. Knowledge of 
the detailed nutritional composition of other species will be essential in 
guiding their inclusion into food (and feed) products. 

Hence, the aims of this work are threefold: i) to quantify the fatty 
acid composition and biomass productivity at both flask and photo
bioreactor scale for a range of species and hence determine whether 
results from small-scale systems can be applied at larger scales; (ii) 
investigate the effects of temperature and salinity changes on the most 
promising strain with the aim of identifying the range of conditions 
which could be feasibly used for its large-scale production; and (iii) 
carry out a detailed nutritional analysis of its biomass. 

2. Methods 

2.1. Algal cultures and growth media 

Eleven species of marine microalgae were acquired from the 
Australian National Algae Culture Collection (ANACC). These strains 
represent six classes from three phyla; information about the strains 

used is given in Table 1. 
Stock cultures were maintained in f/2 medium (composition detailed 

below) in Erlenmeyer flasks with working volumes of 15–25 mL, placed 
on a cool-white-light LED pad with a 12:12 h light:dark photoperiod and 
a light intensity of ~60 μmol m− 2 s− 1. Light intensity was measured 
using a universal light meter (ULM-500, Walz GmbH, Effeltrich, Ger
many). Temperature was in the range 18–26 ◦C. The stock cultures were 
passaged to fresh medium every three to four weeks. 

All flask and photobioreactor cultures in the study were grown in f/2 
medium, except for the photobioreactor culture of Porphyridium pur
purem. P. purpureum was grown in modified Jones' medium, which was 
optimized for the growth of Porphyridium sp. [27]. The media were 
prepared at seawater salinity by adding 35g L− 1of a marine salt mix 
(Quantum® Mixed Macro Probiotic Salt™, Quantum Aqua, Australia) in 
deionized water. To this macronutrient, trace metal and vitamin stock 
solutions were added. The composition of f/2 medium used was NaNO3 
(880 μM), NaH2PO4 (36 μM), NaSiO3∙5H2O (140 μM), FeCl3∙6H2O (12 
μM), CuSO4 (41nM), ZnSO4 (76 nM), Na2MoO4 (37 nM), CoCl2 (37 nM), 
MnSO4 (940 nM), disodium EDTA (12 μM), thiamine hydrochloride 
(300 nM), biotin (2 nM) and cyanocobalamin (0.4 nm). The composition 
of modified Jones' medium was NaNO3 (10mM), K2HPO4 (0.5 mM), 
MgSO4∙6H2O (1 mM), NaHCO3 (460 μM), H3BO3 (10μM), FeCl3∙6H2O 
(14 μM), MnCl2∙4H2O (364 nM), ZnSO4∙7H2O (153 nM), CoCl2∙6H2O 
(84.1 nM), CuSO4∙5H2O (80.1 nM), Na2MoO4∙2H2O (49.6 nM), diso
dium EDTA (27.1 μM), thiamine hydrochloride (300 nM), biotin (2 nM) 
and cyanocobalamin (0.4 nM). All chemicals were purchased from 
Sigma Aldrich (St. Louis, MO, USA), with the exception of biotin and 
cyanocobalamin which were purchased from Sapphire Bioscience 
(Sydney, NSW, Australia). 

2.2. Flask screening 

Strain screening was first carried out in 500 mL Erlenmeyer flasks 
with a working volume of 300 mL. f/2 medium was used for all cultures. 
The medium was autoclaved for 25 min and allowed to cool to room 
temperature before being inoculated with 3 mL of stock culture. The 
cultures were maintained under the same conditions as those for the 
stock cultures. Measurements of optical density (OD) and nitrate con
centration were performed daily using a Varian Cary 50 spectropho
tometer (Varian, Mulgrave, VIC, Australia). All cultures were harvested 

Table 1 
Summary of growth conditions used in the 5 L flat panel photobioreactors as well as the outcome of the cultures.  

Phylum Class Species/strain Growth conditions in photobioreactors Outcome 

Medium Temperature & 
salinity 

Light Air flow 

Orchrophyta Bacillariophyceae (pennate 
diatoms) 

Nitzschia paleacea CS- 
430 

f/2 20 ◦C, 35 g L− 1 100 μmol m− 2 s− 1 5 L min− 1 with 
1% (v/v) CO2 

No growth 

Phaeodactylum 
tricornutum CS-29 

f/2 20 ◦C, 35 g L− 1 150 μmol m− 2 s− 1 5 L min− 1 with 
1% (v/v) CO2 

Consistent 
growth 

Coscinodiscophyceae 
(centric diatoms) 

Chaetoceros sp. CS-256 f/2 30 ◦C, 35 g L− 1 150 μmol m− 2 s− 1 5 L min− 1 with 
1% (v/v) CO2 

Consistent 
growth 

Skeletonema sp. CS- 
1112 

f/2 20 ◦C, 35 g L− 1 150 μmol m− 2 s− 1 5 L min− 1 with 
1% (v/v) CO2 

Consistent 
growth 

Eustigmatophyceae Microchloropsis salina 
CS-190 

f/2 Not tested in PBRs 

Nannochloropsis 
oculata CS-179 

f/2 23 ◦C, 35 g L− 1 100 μmol m− 2 s− 1 5 L min− 1 with 
1% (v/v) CO2 

Consistent 
growth 

Nannochloropsis 
oculata CS-192 

f/2 23 ◦C, 35 g L− 1 100 μmol m− 2 s− 1 5 L min− 1 with 
1% (v/v) CO2 

Inconsistent 
growth 

Haptophyta Pavlovophyceae Pavlova lutheri CS-182 f/2 20 ◦C, 29 g L− 1 100 μmol m− 2 s− 1 5 L min− 1 with 
1% (v/v) CO2 

Inconsistent 
growth 

Rebecca salina CS-49 f/2 Not tested in PBRs 
Rhodophyta (red 

algae) 
Porphyridiophyceae Porphyridium purpurem 

CS-25 
Jones' 23 ◦C, 35 g L− 1 100 μmol m− 2 s− 1 5 L min− 1 with 

1% (v/v) CO2 

Grew in 
biofilms 

Stylonematophyceae Rhodosorus sp. CS-249 f/2 27 ◦C, 35 g L− 1 100 μmol m− 2 s− 1 (Days 
0–6) 150 μmol m− 2 s− 1 

(Days 7–14) 

10L min− 1 with 
1% (v/v) CO2 

Consistent 
growth  
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for determination of the final biomass concentration and fatty acid 
analysis towards the end of the exponential phase – either on the day 
where the nitrate was exhausted or the OD did not increase for two 
consecutive days, whichever occurred first. 

2.3. Photobioreactor screening 

Strain screening was also carried out in 5-L flat-panel photo
bioreactors. The photobioreactors were constructed from clear acrylic 
sheets and had the dimensions of 600 mm (high) × 200 mm (wide) × 50 
mm (deep). Temperature regulation was achieved by circulating water 
through a stainless-steel coil submerged in the culture medium. Agita
tion was provided by introducing air enriched with 1% (v/v) CO2 (Food 
Grade, BOC, Australia) from the bottom of the photobioreactors through 
a 0.25 mm diameter stainless-steel tube with evenly spaced 1 mm holes. 
Light was provided unidirectionally by cool-white-light LED bars (9 W, 
6000 K colour temperature, Jaycar, Australia) at a 12:12 h (light:dark) 
photoperiod. A schematic diagram of the photobioreactors is given in 
our previously published work [28]. 

Inocula used for the photobioreactor cultures were grown for 10–14 
days under the same conditions as those for maintaining the stock cul
tures. The photobioreactor cultures were inoculated with a volume of 
100–300 mL to give an initial OD of 0.03–0.05 at a wavelength of 550 
nm. The batch cultures were cultivated for a duration of 14 days, except 
for Chaetoceros sp. A shorter length of time was used for Chaetoceros sp. 
as the cultures reached stationary phase after 6–7 days of growth. 
Samples were collected for optical density and nitrate concentration 
measurements every 1–2 days, and for dry cell weight measurement and 
fatty acid analysis every second day starting on Day 6 or 8. The sampling 
point was thoroughly flushed before sampling. Losses in culture volume 
due to evaporation (typically in the order of 50–120 mL per day) and 
sampling were replaced with deionized water such that the total liquid 
volume was maintained at approximately 5 L. Air flow was provided at 
10 L min− 1 for Rhodosorus sp. and 5 L min− 1 for the other strains. This 
was done as the Rhodosorus sp. tended to form clumps which would fall 
out of suspension at the lower air flow rate. Attempts were initially made 
to grow all the strains at constant conditions of 20 ◦C and 150 μmol m− 2 

s− 1. However, many of the strains did not grow under these conditions. 
Hence, both the temperature and light intensity were varied in order to 
achieve growth, with the conditions used being given in Table 1. 

2.4. 50 L bubble column cultivation for nutritional analysis 

Algal biomass for the nutritional analysis was grown in a pilot-scale 
(50 L) bubble column photobioreactor, with design of the reactor being 
detailed in our previous work [29]. To boost the biomass concentration, 
concentrated growth medium was prepared with the nitrate and phos
phate being added at 15 × f/2 concentrations and the other components 
being added at 5 × f/2 concentrations. Air was introduced at a flowrate 
of 20 L min− 1 (0.4 vvm), enriched with 1% (v/v) CO2. Temperature was 
maintained at 22 ± 1 ◦C. To avoid potential photoinhibition during the 
lag phase, light was supplied at an intensity of 230 μmol m− 2 s− 1 on the 
day of inoculation, and the light intensity was increased to 600 and 
1100 μmol m− 2 s− 1 after ~24 h and ~96 h, respectively. The lighting 
was operated at a photoperiod of 16:8 h (light:dark). The sample was 
harvested on Day 15 at a biomass concentration of approximately 1.5 g 
L− 1. Approximately 90% of the nitrate in the growth medium had been 
consumed by the algae. The sample was dewatered using a WVO Raw 
Power centrifuge (WVO Designs, North Charleston, SC USA). The 
resultant biomass paste (containing ~77% water) was packed on ice and 
shipped to ALS Global (Melbourne, VIC, Australia) for analysis. Full 
copies of the analysis reports are provided in the Supplementary 
Material. 

2.5. Analytical methods 

Optical density was measured at a wavelength of 550 nm using a 
Cary 50 spectrophotometer with a 1 cm path length. Samples were 
diluted where necessary such that the absorbance was <0.8. 

To measure the dry cell weight, a known volume of sample (typically 
~50 mL) was collected from the culture and filtered through pre- 
weighed 0.55 μm filter paper (Advantec GA-55, Toyo Roshi Kaisha 
Ltd., Tokyo, Japan). The filter paper was then washed with three vol
umes of 0.5 M ammonium bicarbonate solution to remove the salts in the 
medium. Subsequently, the filter paper was dried overnight in an oven 
at 105 ◦C. Biomass productivity was determined as: 

Biomass productivity
(
mg L− 1 day− 1) =

DCW
t

(1)  

where DCW is the dry cell weight (mg L− 1); t is the time (day) since Day 
0. 

Nitrate concentration in the medium was measured using a Cary 50 
spectrophotometer at wavelengths of 220nm and 275 nm [30]. Prior to 
analysis, the aliquot was filtered through a 0.2 μm PTEE syringe filter 
(Advantec, Toyo Roshi Kaisha Ltd., Tokyo, Japan) and was diluted such 
that the absorbance was <0.8. The nitrate concentration (mg L− 1) was 
calculated as following: 
⎧
⎪⎨

⎪⎩

[
NO−

3

]
= 0 OD220nm < 10⋅OD275nm

[
NO−

3

]
=

OD220nm − 2 × OD275nm

0.06335
D220nm ≥ 10⋅OD275nm

(2) 

Fatty acids were quantified using gas chromatography. Samples 
collected from the cultures were centrifuged at 6000 RCF for 5 min. The 
supernatant was discarded, while the pellet was resuspended in deion
ized water. The centrifugation and resuspension were repeated twice to 
remove the salts. The remaining pellet was freeze dried. Total lipid 
extraction was used a Bligh and Dyer method as per Breuer et al. 
[31,32]. A known amount of freeze-dried biomass powder (~10 mg) 
was added to a bead-beating tube preloaded with 0.5 mm high-impact 
zirconium beads (Sigma Aldrich). Milli-Q water, chloroform and meth
anol were added at the ratio of 8, 10 and 20 μL per mg of dry biomass, 
respectively, with glyceryl triheptadecanoate (Sigma Aldrich) being 
added as the internal standard at the concentration of ~1.2 mg mL− 1 

chloroform. The sample was bead-beaten at 4000 rpm using a BeadBug 
(PathTech, Preston, VIC, Australia) for 1 min and then transferred to a 
glass vial. Milli-Q water (20 μL per mg dry biomass) and chloroform (20 
μL per mg dry biomass) were then added. The sample was vortexed and 
allowed to stand for 10–20 min to allow phase separation. The bottom 
(chloroform) layer containing the lipids was aspirated. The top layer was 
washed with chloroform (40 μL per mg of dry biomass), and the chlo
roform extracts were pooled. The pooled extracts were allowed to stand 
overnight for chloroform to evaporate. The bead-beating procedure was 
omitted for Phaeodactylum tricornutum CS-29 and Nannochloropsis ocu
lata CS-179 as experiments showed that the omission of this step did not 
yield significantly different results for these two strains. 

Transesterification of the extracted lipids was done by adding 3 mL 
methanol containing 5% (v/v) concentrated (99%) sulfuric acid to the 
dried sample. The sample was then heated in a water bath at 70 ◦C for 3 
h, during which, the sample was vortexed every 30 min. Subsequently, 
the sample was cooled to room temperature, followed by the addition of 
3 mL Milli-Q water and 3 mL n-hexane (chromatography grade, Sigma 
Aldrich). The sample was then allowed to stand to facilitate phase sep
aration. One millilitre of supernatant from the top (hexane) layer was 
removed and transferred to a GC vial for analysis. 

The fatty acid methyl esters (FAMEs) were analysed using a gas 
chromatograph (Shimadzu GC2010 Plus, Kyoto Japan) equipped with a 
30 m long FAMEWAX column (fused silica capillary column, polar phase 
Crossbond polyethylene glycol, internal diameter 0.32 mm, film thick
ness 0.25 μm, Restek) and a flame ionization detector. The sample was 
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Fig. 1. Screening microalgae in flask cultures. (a), Percentage of EPA as a fraction of total fatty acids. (b), Specific total fatty acid (TFA) concentration per microalgal 
dry cell weight (DCW). (c), Final biomass concentration. (d), Biomass productivity. (e), Specific EPA concentration per microalgal DCW. (f), volumetric EPA con
centration per L of culture broth. Bar charts represent the mean of the three biological replicates with error bars denoting one standard deviation about the mean. 
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injected into the column at an injector temperature of 250 ◦C and an 
injection volume of 5 μL with helium (BOC, Australia) as the carrier gas 
at a velocity of 0.25 m s− 1 and a split ratio of 25:1. The column tem
perature was programmed to increase from 130 ◦C to 230 ◦C at a 5 ◦C 
min− 1 increment during the first 20 min, then held at 230 ◦C for another 
20 min. To identify the fatty acids, relative retention times of the FAMEs 
were compared with those of a reference FAME standard (Supelco 37 
component FAME mix, purchased from Sigma Aldrich). The specific 
concentrations of the individual fatty acids (mg g− 1 DCW) were calcu
lated as: 

FA concentration =
IS⋅AFA

AIS⋅Mbiomass⋅RFFA
(3)  

where IS is the amount of internal standard added into the sample (mg 
per sample); Mbiomass is the amount of dry biomass in the sample (g per 
sample); AFA is the area of the GC peak of the FAME for the fatty acid;AIS 
is the area of the GC peak of the internal standard; RFFA is the relative 
response factor of the FAME. 

The specific concentration of total fatty acids (TFA) (mg g− 1 DCW) 
was calculated as the sum of the concentrations of all the individual fatty 
acids. 

EPA productivity (mg L− 1 day− 1) was determined as: 

EPA productivity =
specific EPA concentration × DCW

t
(4)  

2.6. Statistical analysis 

All experiments were conducted in three independent replicates, 
except for the nutritional analysis, which was carried out in one repeat. 
The values of optical density were reported for each replicate, whereas 
the reported values of biomass productivity, specific fatty acid concen
tration and EPA productivity were presented in bar graphs showing the 
mean with error bars representing one standard deviation. Effects of 
salinity were analysed using Student's t-test (two-tail, α < 0.05), per
formed with Microsoft Excel 2008. Effects of temperature were analysed 
using one-way analysis of variance with Tukey test used to compare the 
means (p < 0.05), performed with MATLAB R2019b. 

3. Results 

3.1. EPA content of microalgae 

EPA was found to be present in all eleven strains examined in the 
flask-screening, with there being considerable (6 to 39%) variations in 
the percentage of EPA as a fraction of total fatty acids (Fig. 1a and 
Supplementary Table 1). The fatty acid profiles obtained here for the 
eleven strains are consistent with the findings reported by other authors 
[14,33]. There was also considerable variation in the specific EPA 
concentration (2 to 58 mg g− 1 dry cell weight) (Fig. 1e and Supple
mentary Table 1). Some species (e.g. the red algae Porphyridium pur
pureum and Rhodosorus sp.) had a relatively high fraction of EPA but low 
specific EPA concentrations due to their low content of fatty acids 
(Fig. 1b). Use of an alternative growth strategy may lead to increased 
specific TFA concentrations. However, this approach was not examined 
as EPA is unlikely to be used as a storage compound [34]. 

The highest volumetric EPA concentrations were observed in Nan
nochloropsis oculata CS-179 and CS-192, being in the range of 9 to 14 mg 

L− 1, followed by those (5 to 6 mg L− 1) of Nitzschia paleacea and Phaeo
dactylum tricornutum (Fig. 1e). Although Pavlova lutheri and Rebecca 
salina had high specific EPA concentrations, their volumetric EPA con
centrations were low (2 to 3 mg L− 1), due to their low biomass accu
mulation in the flask cultures (Fig. 1c, d). Interestingly, Microchloropsis 
salina, despite being in the same class as Nannochloropsis sp., showed a 
volumetric EPA concentration (~1 mg L− 1) among the lowest (Fig. 1f). 

3.2. Photobioreactor screening 

To examine the suitability of the microalgae for large-scale cultiva
tion, nine of the eleven strains were subjected to a screening process in 
flat-panel photobioreactors, a commonly used closed system for photo
trophic cultivation of microalgae. M. salina and R. salina were not 
screened in the photobioreactors because their taxonomically related 
strains, N. oculata and P. lutheri, respectively, had showed similar or 
better performance in the flask cultures. 

As summarized in Table 1, of the nine species examined five grew 
reproducibly in the photobioreactors, two species grew with a large 
degree of variation between replicates (Supplementary Fig. 1), 
P. purpureum formed biofilms and no growth was observed for 
N. paleacea. 

After being introduced to the photobioreactors, the cultures typically 
went through a lag phase lasting for 1–3 days. For P. tricornutum, 
Chaetoceros sp., Skeletonema sp. and Rhodosorus sp., the lag phase was 
followed by an exponential and/or linear phase that typically ended 1–4 
days after the depletion of nitrate in the culture broth (Fig. 2a–d). These 
four strains all showed varying ability to grow on internal nitrogen 
pools, a phenomenon that has been observed in many algae [35,36]. The 
specific EPA concentrations of Chaetoceros sp., Skeletonema sp. and 
Rhodosorus sp. were <10 mg g− 1 of DCW, whereas the specific EPA 
concentration of P. tricornutum remained at 40 to 50 mg g− 1. For the 
species examined the specific EPA concentration was not observed to 
increase with time, implying that EPA is not used as a storage com
pound, a finding consistent with the literature [34]. P. tricornutum was 
the only species where the TFA content was found to increase with time 
(Fig. 3 and Table 2). The accumulation of storage lipids was believed to 
be induced by nitrogen limitation in P. tricornutum [37]. In the photo
bioreactor cultures, the specific EPA concentration of P. tricornutum (in 
the range of 40–50 mg g− 1, see Table 2) was approximately twice as 
much as that in the flask cultures (23.4 ± 0.9 mg g− 1 of DCW, Supple
mentary Table 1). 

Nannochloropsis sp. has been described as a “robust industrial alga” 
and various species/strains of this genus are studied as model strains for 
biofuel production [38]. High biomass concentrations (up to 10 g DCW 
L− 1) have been reported for outdoor flat-panel photobioreactor cultures 
[39]. However, we could not reproduce the results for the biomass and 
EPA production with the two N. oculata strains examined in this study. 
The photobioreactor cultures of N. oculata CS-179 showed good growth 
for the first 5–7 days, followed by sharp declines in biomass concen
trations (Fig. 2e). Similar observation was also made with N. oculata CS- 
192 but with larger variations among the biological replicates (Sup
plementary Fig. 1). Analyses of the nitrate concentration showed that 
only ~40% of nitrate in the medium had been consumed, indicating that 
the declines were unlikely to be caused by nutrient limitation. In the 
photobioreactors, the specific EPA concentration of N. oculata CS-179 
were also found to be lower than the findings for the flask cultures as 
well as the values reported in the literature [40] (Fig. 3e and Table 2). 

Fig. 2. Growth in photobioreactors. (a–e), Changes in optical density at 550 nm, nitrate concentration, dry cell weight and biomass productivity as a function of 
culture time in 5-L flat-panel photobioreactors for microalgal strains Phaeodactylum tricornutum CS-29 (a), Chaetoceros sp. CS-256 (b), Skeletonema sp. CS-1112 (c), 
Rhodosorus sp. CS-249 (d), and Nannochloropsis oculata CS-179 (e). Bar charts represent the mean of the three biological replicates with error bars denoting one 
standard deviation about the mean; scatter plots represent all biological replicates (a–e). Dry cell weight and biomass productivity of Cheatoceros sp. CS-256 on Day 
10 and Skeletonmea sp. CS-1112 on Days 12 and 14 are calculated with two replicates because the third replicate did not contain sufficient biomass for measurement 
(b, c). 
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Fig. 3. EPA contents in photobioreactors. (a–e), Specific 
concentration of EPA per gram of microalgal dry cell 
weight (DCW) and volumetric concentration of EPA over 
culture time in the 5-L photobioreactors for microalgal 
strains Phaeodactylum tricornutum CS-29 (a), Chaetoceros 
sp. CS-256. (b), Skeletonema sp. CS-1112 (c), Rhodosorus 
sp. CS-249 (d), and Nannochloropsis oculata CS-179 (e). 
(f–g), Comparisons of the five microalgal strains on Day 8 
(f) and Day 10 (g) for their EPA productivity. Bar charts 
represent the mean of the three biological replicates with 
error bars denoting one standard deviation about the 
mean (a–g). Specific EPA concentration and EPA produc
tivity of Chaetoceros sp. CS-256 on Day 10 and Skeletonema 
sp. 1112 on Days 12 and 14 were calculated with two 
replicates because the third replicate did not contain 
sufficient biomass for measurement (b, c, g).   
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Here it must be noted that the purpose of these experiments was to 
determine whether results from small-scale screening could be repli
cated at a scale more representative of industrial photobioreactors. 
Hence, no attempt was made to optimise the growth conditions at the 5 L 
scale, and as noted elsewhere [41–45] it is possible to achieve sub
stantial increases in both biomass concentrations and EPA productivity. 

Overall, P. tricornutum displayed the highest EPA productivities, 
approximately an order of magnitude higher than those of the other four 
strains (Fig. 3f–g). Collectively, the photobioreactor screening process 
indicated that P. tricornutum is potentially an excellent candidate for 

Table 2 
Fatty acid composition (% of total fatty acids) and specific concentrations of total 
fatty acids (TFA) and EPA (mg g− 1 DCW) of Phaeodactylum tricornutum CS-29, 
Skeletonema sp. CS-1112, Rhodosorus sp. CS-249, Nannochloropsis oculata CS- 
179 and Chaetoceros sp. CS-256 grown in photobioreactors under their stan
dard growth conditions. Values are the mean ± standard deviation (n = 3).  

Phaeodactylum 
tricornutum CS- 
29 

Fatty acid (%TFA) Day 8 Day 
10 

Day 
12 

Day 
14 

C14:0 6.5 ±
0.4 

6.2 ±
0.2 

6.0 ±
0.3 

6.0 ±
0.4 

C16:0 21.2 ±
5.5 

23.3 ±
6.3 

28.8 ±
1.9 

29.0 
± 1.6 

C16:1n7 32.0 ±
9.2 

33.6 ±
10.2 

40.7 ±
1.6 

41.5 
± 1.5 

C18:0 0.7 ±
0.1 

0.8 ±
0.1 

0.8 ±
0.1 

0.8 ±
0.1 

C18:1n9 2.5 ±
0.5 

3.3 ±
1.6 

5.2 ±
2.2 

5.8 ±
1.7 

C18:2n6 1.8 ±
0.3 

1.5 ±
0.5 

1.0 ±
0.2 

0.8 ±
0.1 

C18:3n3 0.6 ±
0.5 

0.6 ±
0.4 

0.7 ±
0.1 

0.7 ±
0.1 

C20:4n6 – – – – 
C20:5n3 (EPA) 32.6 ±

13.7 
28.9 ±
15.7 

15.7 ±
1.2 

14.6 
± 1.1 

C24:0 2.2 ±
0.8 

1.9 ±
1.0 

1.0 ±
0.1 

0.8 ±
0.1 

Specific 
concentration 
(mg g¡1 of DCW)     
TFA 164.8 

± 58 
226±
45 

276 ±
12 

308 
± 21 

EPA 45.9 ±
2.8 

47.4 ±
4.4 

43.5 ±
4.8 

44.9 
± 3.6 

Skeletonema sp. 
CS-1112 

Fatty acid (%TFA) Day 8 Day 
10 

Day 
12 

Day 
14 

C14:0 23.92 
± 15.2 

24.2 ±
9.3 

33.5 ±
5.2 

36.7 
± 5.9 

C16:0 13.3 ±
3.7 

14.4 ±
5.9 

15.7 ±
1.5 

17.5 
± 3.8 

C16:1n7 30.0 ±
6.8 

32.3 ±
14.6 

34.4 ±
8.1 

32.1 
± 7.5 

C18:0 3.5 ±
2.5 

2.6 ±
0.5 

2.7 ±
0.5 

2.7 ±
0.6 

C18:1n9 13.0 ±
4.8 

11.9 ±
5.5 

5.1 ±
1.9 

3.2 ±
0.5 

C18:2n6 4.3 ±
1.8 

3.6 ±
1.6 

2.5 ±
0.6 

2.0 ±
0.2 

C18:3n3 – – – – 
C20:4n6 – – – – 
C20:5n3 (EPA) 12.0 ±

4.2 
8.1 ±
3.7 

6.1 ±
3.4 

5.87 
± 3.1 

C24:0 – – – – 
Specific 
concentration 
(mg g¡1 of DCW)     
TFA 56.0 ±

26.0 
37.0 ±
18.4 

45.8 ±
17.2 

57.7 
± 4.1 

EPA 5.9 ±
2.8 

2.5 ±
0.5 

3.1 ±
1.7 

3.5 ±
2.0 

Rhodosorus sp. CS- 
249 

Fatty acid (%TFA) Day 8 Day 
10 

Day 
12 

Day 
14 

C14:0 – – – – 
C16:0 32.8 ±

15.1 
33.5 ±
6.3 

31.3 ±
1.5 

32.4 
± 3.7 

C16:1n7 2.8 ±
2.1 

2.0 ±
1.7 

1.2 ±
0.8 

0.9 ±
0.6 

C18:0 – – – – 
C18:1n9 13.7 ±

6.8 
17.3 ±
1.7 

18.3 ±
3.0 

21.1 
± 2.6 

C18:2n6 14.7 ±
5.6 

10.2 ±
1.4 

10.0 ±
1.1 

9.7 ±
0.4 

C18:3n3 25.2 ±
17.8 

26.2 ±
4.6 

25.7 ±
3.1 

22.3 
± 5.2 

C20:4n6 3.3 ±
2.6 

4.6 ±
1.3 

3.9 ±
0.7 

3.6 ±
1.2 

C20:5n3 (EPA) 

(continued on next page) 

Table 2 (continued ) 

7.4 ±
5.3 

6.2 ±
2.0 

9.6 ±
2.1 

10.0 
± 2.6 

C24:0 – – – – 
Specific 
concentration 
(mg g¡1 of DCW)     
TFA 38.3 ±

15.4 
41.2 ±
5.9 

43.9 ±
11.2 

32.8 
± 6.8 

EPA 3.6 ±
2.8 

2.65 ±
1.1 

4.4 ±
1.8 

3.5 ±
1.6 

Nannochloropsis 
oculata CS-179 

Fatty acid (%TFA) Day 8 Day 
10 

Day 
12 

Day 
14 

C14:0 4.7 ±
0.9 

4.8 ±
0.4 

5.3 ±
0.1 

5.5 ±
0.9 

C16:0 21.1 ±
4.8 

24.4 ±
6.4 

27.7 ±
6.6 

30.8 
± 9.9 

C16:1n7 28.7 ±
3.8 

29.3 ±
4.3 

34.8 ±
8.8 

33.3 
± 4.6 

C18:0 – – – 1.4 ±
2.0 

C18:1n9 3.4 ±
0.8 

5.2 ±
2.5 

6.3 ±
2.5 

7.0 ±
2.4 

C18:2n6 2.4 ±
0.3 

2.6 ±
0.5 

2.1 ±
1.6 

1.9 ±
1.6 

C18:3n3 – – – – 
C20:4n6 – – – – 
C20:5n3 (EPA) 39.7 ±

8.2 
33.1 ±
11.9 

25.6 ±
12.7 

20.2 
±

15.3 
C24:0 – – – – 
Specific 
concentration 
(mg g¡1 of DCW)     
TFA 63.6 ±

26.5 
65.6 ±
32.9 

43.8 ±
29.7 

51.3 
±

49.6 
EPA 27.4 ±

14.7 
24.9 ±
18.1 

14.2 ±
17.9 

17.9 
±

22.7 
Chaetoceros sp. 

CS-256 
Fatty acid (%TFA) Day 6 Day 8 Day 

10  
C14:0 22.5 ±

3.9 
16.9 ±
3.4 

15.5 ±
1.2  

C16:0 27.8 ±
2.6 

29.6 ±
0.5 

33.0 ±
3.6  

C16:1n7 43.5 ±
2.3 

45.8 ±
4.6 

44.8 ±
4.7  

C18:0 – – –  
C18:1n9 1.4 ±

0.6 
2.4 ±
0.7 

3.0 ±
1.2  

C18:2n6 1.0 ±
0.2 

0.8 ±
0.3 

0.8 ±
0.3  

C18:3n3 – – –  
C20:4n6 – – –  
C20:5n3 (EPA) 3.8 ±

0.8 
4.4 ±
0.4 

3.0 ±
0.2  

C24:0 – – –  
Specific 
concentration 
(mg g¡1 of DCW)     
TFA 243.7 

± 51.4 
183.7 
± 22.3 

158.2 
± 26.9  

EPA 8.9 ±
1.1 

8.1 ±
0.4 

4.7 ±
0.6   
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Fig. 4. Effect of temperature and salinity on the growth of Phaeodactylum tricornutum CS-29 in photobioreactors. Changes in optical density at 550 nm (a), nitrate 
concentration (c) and biomass productivity (e) as a function of time for P. tricornutum grown in 5-L flat-panel photobioreactors at 13 ◦C, 20 ◦C, and 27 ◦C. Changes in 
optical density at 550 nm (b), nitrate concentration (d) and biomass productivity (f) of P. tricornutum grown in 5-L flat-panel photobioreactors at salt concentrations 
of 35 and 50 g L− 1. All experiments were performed in biologically independent triplicates. Scatter plots represent all replicates (a–d). Bar charts represent the mean 
of the three biological replicates with error bars denoting one standard deviation about the mean (e, f). One-way ANOVA with Tukey's multiple comparison was 
performed to compare the biomass productivities at different temperatures on the same day; Day 8: *P = 0.0274, Day 12: *P = 0.0342, Day 14: **P = 0.0076, *P =
0.0166 (e). A two-tailed Student's t-test was performed to compare the biomass productivities at different salinities on the same day; no significant difference was 
observed (f). 
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Fig. 5. Effect of temperature and salinity on the EPA production of Phaeodactylum tricornutum CS-29 in photobioreactors. Percentage of EPA as a fraction of total fatty 
acids (a), specific EPA concentration per microalgal dry cell weight (DCW) (c) and EPA productivities (e) of P. tricornutum grown in 5-L flat-panel photobioreactors at 
13 ◦C, 20 ◦C, and 27 ◦C. Percentage of EPA as a fraction of total fatty acids (b), specific EPA per microalgal DCW (d) and EPA productivity (f) of P. tricornutum grown 
in 5-L flat-panel photobioreactors at salt concentrations of 35 and 50 g L− 1. Bar charts represent the mean of the three biological replicates with error bars denoting 
one standard deviation about the mean (a–f). One-way ANOVA with Tukey's multiple comparison was performed to compare groups at different temperatures; Day 8: 
*P = 0.0305, Day 10: *P = 0.048, Day 12: *P = 0.0214, Day 14: *P = 0.0131 (a); Day 8: *P = 0.0284, Day 14: 20◦C > 13 ◦C *P = 0.0104, 20 ◦C > 27 ◦C *P = 0.0179 
(e). A two-tailed Student's t-test was performed to compare groups at different salinities on the same day; no significant difference was observed. 
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large-scale production of microalgal EPA. 

3.3. Effects of temperature and salinity on P. tricornutum in 
photobioreactors 

To investigate how growth temperature could affect the EPA pro
duction of P. tricornutum, cultures were grown at 13, 20, 27 and 30 ◦C. 
P. tricornutum was observed to grow in photobioreactors at temperatures 
between 13 and 27 ◦C. No growth was observed at 30 ◦C, consistent with 
a conclusion reported elsewhere for flask cultures [46,47]. At 13 ◦C the 

biomass productivity (7.7 ± 2.2 mg L− 1 day− 1) was ~70% lower than 
those achieved at 20 and 27 ◦C (26.2 ± 8.3 and 23.1 ± 2.7 mg L− 1 day− 1, 
respectively) (Fig. 4e). At 27 ◦C, the algae entered the stationary phase 
immediately after the external nitrogen was depleted (Fig. 4a, c). Such 
results suggest that a temperature of 27 ◦C may induce heat stress for 
P. tricornutum. 

Microorganisms have been shown to increase the degree of fatty acid 
unsaturation in response to low temperature as a mechanism of main
taining membrane fluidity [48]. We observed a reduction in the per
centage of EPA in the fatty acid profile of P. tricornutum as the 
temperature increased, with the percentage of EPA as a fraction of total 
fatty acids at 13 ◦C (53% to 17% on Days 8–14) significantly higher than 
that at 27 ◦C (20% to 13% on Days 8–14) (Fig. 5a and Supplementary 
Table 2). However, the specific EPA concentration was not affected by 
the temperature and remained at 40–50 mg g− 1 DCW, and no clear ef
fects of temperature on the EPA productivity were observed (Fig. 5c, e). 

To further investigate whether hypothermal stress could improve the 
EPA production of P. tricornutum, we also conducted a cold-shock 
experiment in which cultures were subjected to a sudden downshift of 
temperature from 20 to 10 ◦C. The temperature shift occurred within 1 
h, after which the cultures were grown for another 48 h. The cold shock 
severely inhibited the algal growth, with no significant changes in the 
fatty acid profiles or EPA contents (Fig. 6 and Supplementary Table 3). 

To investigate the effects of hypersalinity on its EPA production, 
P. tricornutum was grown in the photobioreactors using f/2 medium 
prepared at salinities of 35, 50 and 60 g L− 1. Increasing the salinity to 50 
g L− 1 had no significant impact on the growth and EPA production of 
P. tricornutum (Figs. 4b, d, f and 5b, d, f and Supplementary Table 4). 
However, at 60 g L− 1, the growth of P. tricornutum in photobioreactors 
showed inconsistency, with great variation among the three biological 
replicates (Supplementary Fig. 2). 

Due to its ability to tolerate a wide range of temperatures 
P. tricornutum is likely to be a good candidate for large-scale, outdoor 
culture. Similarly, its ability to grow well and produce relatively high 
amounts of EPA at salt concentrations of 50 g L− 1 could be advantageous 
in terms of reducing contamination by less halotolerant species. How
ever, further work at large-scale is necessary to confirm this hypothesis. 
From a scale-up perspective the robustness of P. tricornutum is a clear 
advantage and further work should focus on improving the biomass 
productivity. 

3.4. Comparison of screening methods 

Process development for large-scale production of microalgae-based 
products starts with strain screening and selection. While the percentage 
of EPA as a fraction of total fatty acids is a widely used performance 
parameter in the literature to compare different strains, this parameter 
alone is a poor guide to strain selection for large-scale cultivation. An 
algal strain could have a low specific EPA concentration even though its 
fatty acid profile is rich in EPA, due to a low TFA concentration, as in the 
cases of the red algae Rhodosorus sp. and P. purpuruem in this study. 
Finally, it is necessary to consider other factors when selecting a strain 
for scale-up [49]. Previous screening studies for identifying EPA- 
producing strains were often carried out in flask and well-plate cul
tures under well-regulated conditions [12,14,15,50–52]. Good growth 
in these small-scale laboratory systems cannot necessarily be translated 
to large-scale systems. An illustration of this point is that while it was 
relatively easy to grow all eleven strains examined in flask cultures, only 
five were able to be grown reproducibly in photobioreactors (and this 
necessitated modifications to the method in some cases). Of the strains 
capable of growing in PBRs most showed an improvement in the 
biomass productivity, as would be expected (Fig. 7). Only P. tricornutum 
was observed to show considerable improvement (an ~3-fold increase) 
in the EPA productivity. 

Small-scale culture methods like flasks and well-plates have advan
tages of relatively high-throughput, low cost and ease of set-up. Their 
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179: Nannchloropsis oculata CS-179; NO-192 Nannochloropsis oculata CS-192; 
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major limitation is that they fail to capture many relevant factors for 
scale-up. For example, species which require attached growth (or form 
clumps or films) will grow well in flasks. However, their performance in 
a photobioreactor may be poor due to their inability to grow well in 
suspension. Similarly, small-scale systems have well-regulated condi
tions, with very little hydrodynamic stress and few fluctuations in con
ditions, unlike large-scale photobioreactors where cells experience 
fluctuations in light intensity (due to mixing), as well as variations in 
conditions (e.g. temperature). The growth conditions in the 5 L photo
bioreactors are more representative of those found in large-scale re
actors, and hence species capable of reproducibly producing high EPA 
contents at this scale are likely to be good candidates for further 
investigation. Similarly, the diameter of the 50 L column used in this 
work (0.19 m) is very similar to the optimum diameter proposed in the 
literature [53] for bubble column photobioreactors (0.2 m), meaning 
results from this scale are likely to be representative of practical 
photobioreactors. 

It is clear that performing strain screening in flask or well-plate 
cultures is likely to yield misleading results in terms of process scale- 
up. However, screening a large number of strains in industrial systems 

or even lab-scale systems, such as the photobioreactors used in this 
study, is laborious and expensive. This challenge is amplified by the 
need to perform replicate experiments at multiple conditions in order to 
better understand its potential performance at industrial-scale. 

This calls for a more representative, high-throughput small-scale 
screening system that can investigate the key operating parameters 
relevant to large-scale systems, including cell density, hydrodynamic 
stress, fluctuations in temperature and salinity, light conditions (e.g. 
incident light intensity and the extent of light attenuation within the 
culture), the presence of invasive and competing species and in
homogeneities in dissolved O2 and CO2 [54]. Good examples of such a 
system are the scale-down simulators designed for heterotrophic cul
tures [55]. Such systems should be used to quantify additional perfor
mance parameters including biomass and EPA productivities, EPA titre, 
cell viability and performance consistency. 

3.5. Nutritional analysis 

Results from the detailed nutritional analysis of the P. tricornutum 
biomass are presented in Table 3. It was found that the dry biomass 

Table 3 
Nutritional information of P. tricornutum.  

Proximates (amount per 100 g dry biomass) 

Energy 1682 kJ 
Ash 14.6 g 
Carbohydrates 28.8 g 
Total sugars 3.9 g 
Dietary fibre 9.4 g 
Total fat 11.6 g 
Monounsaturated fat 3.9 g 
Polyunsaturated fat 4.7 g 
Saturated fat 3.0 g 
Trans fat – 
Protein 45.1 g   

Amino acid profile (amount per g dry biomass) 

Histidine 8.2 mg 
Serine 18.0 mg 
Arginine 21.5 mg 
Glycine 21.5 mg 
Asparagine + aspartic acid 47.2 mg 
Glutamine + glutamic acid 60.1 mg 
Threonine 19.3 mg 
Alanine 26.1 mg 
Profline 27.9 mg 
Lysine 15.5 mg 
Tyrosine 15.0 mg 
Methionine 7.3 mg 
Valine 18.9 mg 
Isoleucine 16.7 mg 
Phenylalanine 21.0 mg 
Leucine 30.9 mg 
Tryptophan 6.9 mg   

Minerals (amount per 100 g dry biomass) 

Calcium 150 mg 
Sodium 1674 mg 
Iron 51.5 mg 
Magnesium 472 mg 
Potassium 339 mg 
Zinc 4.3 mg   

Vitamins (amount per 100 g dry biomass) 

Thiamine (vitamin B1) 1.4 mg 
Riboflavin (vitamin B2) 1.3 mg 
Biotin (vitamin B7) 60 μg 
Cobalamin (vitamin B12) 14 μg 
β-Carotene 3.3 mg 

“–”: below the detectable level. 
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contained 45% protein, this being in line with values (31–45%) reported 
by others [37,56,57] for the same species grown under nitrogen replete 
conditions. Protein concentrations reported here are also comparable to 
those found in commercial Chlorella and Spirulina products (~50%) 
[58]. In addition to the protein content, it is also important to under
stand the amino acid profile of the biomass, particularly the profile of 
essential amino acids. This was quantified by calculating the essential 
amino acid index (EAAI) using the method outlined by Oser [59] and 
reference values for human nutrition provided elsewhere [60]. The 
calculated EAAI was 1.3, with the biomass being particularly rich in 
aromatic amino acids (i.e. tryptophan, phenylalanine and tyrosine), 
while being deficient in lysine, methionine and cysteine. Reported [58] 
average EAAI values for Chlorella and Spirulina were 1.05 and 1.25 
respectively, illustrating that P. tricornutum is comparable to these spe
cies as a source of protein and amino acids. In addition to the concen
tration of nutrients it is also important to understand their 
bioavailability. Neumann et al. [61] examined this issue, finding that 
addition of up to 25% P. tricornutum biomass to the diet had no negative 
effects in mice, and that the protein availability was similar to that of the 
control diet. 

As well as being a source of macronutrients (i.e. lipids and protein), 
the algal biomass also contains micronutrients like vitamins and min
erals. Vitamin concentrations reported in Table 3 are lower than those 
reported [62] in the literature for Nannochloropsis. Similarly, mineral 
concentrations were generally lower [56] than those previously re
ported for P. tricornutum, however this difference may be attributed to 
differences in the growth medium and biomass processing steps used. 

Based on the results presented in Table 3, a serving of 5–6 g of dry 
P. tricornutum biomass is sufficient to meet the daily EPA requirement for 
adults [63]. In comparison, approximately 1.2–1.4 g of fish oil, or 12–14 
g of cooked fish are necessary to meet the adequate intake for EPA and 
DHA (values were calculated using data from the USDA database [64], 
assuming 100% bioavailability). This comparison suggests that whole 
algal biomass could feasibly be incorporated into the diet as a source of 
EPA. In addition to being a source of EPA, a 5–6 g serving of dry 
P. tricornutum biomass also provides approximately 15% and 30% of the 
recommended intakes of iron and vitamin B12, respectively [65]. Such 
results are promising and demonstrate the need to further understand 
the digestibility of algal biomass, its potential to be formulated into food 
products and the health impacts of such products. 

4. Conclusions 

A key factor in successful process scale-up is the screening and se
lection of an appropriate species. Extensive work has been done using 
small-scale culture systems to quantify the fatty acid composition of 
many species of microalgae, and this work aimed to determine whether 
such an approach could be used to guide process scale-up. It was found 
that it was challenging to extrapolate results from flask cultures to cul
tures grown in 5 L photo-bioreactors. For example, all eleven species 
examined grew easily in flasks, while only five grew reproducibly in 
photo-bioreactors. It is thought that this difference is due to the inability 
of some species to grow in suspension, tolerate hydrodynamic stress or 
exposure to fluctuating light intensities. This suggests there is a need for 
improved, small-scale screening systems which better replicate the 
conditions found in larger reactors. 

Of the species examined P. tricornutum was found to display the best 
performance in the 5 L bioreactors used. It was found that it had a 
relatively high EPA content (~5% of DCW), as well as the ability to 
tolerate a range of temperatures (13–27 ◦C) and moderate hypersalinity 
(up to 50 g L− 1). Additionally, it was also found that the specific EPA 
content remained constant for the conditions examined. The ability to 
tolerate a range of conditions, while maintaining a consistent EPA 
content of ~5% of DCW is obviously favourable from a scale-up 
perspective. Finally, the composition of the biomass was character
ized, in addition to being a good source of EPA it was found to be rich in 

protein (45% DCW) and vitamin B12. Future work should examine ways 
to further scale-up the process and improve the biomass productivity. 
Additionally, research should investigate the formulation of 
P. tricornutum biomass into foods and quantify the bioavailability and 
health benefits of algae in the diet. 
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Y. Chisti, Comparative evaluation of compact photobioreactors for large-scale 
monoculture of microalgae, J. Biotechnol. 70 (1999) 249–270. 

[54] F. Delvigne, R. Takors, R. Mudde, W. van Gulik, H. Noorman, Bioprocess scale-up/ 
down as integrative enabling technology: from fluid mechanics to systems biology 
and beyond, Microb. Biotechnol. 10 (2017) 1267–1274. 

[55] F. Li, Y. Hashimura, R. Pendleton, J. Harms, E. Collins, B. Lee, A systematic 
approach for scale-down model development and characterization of commercial 
cell culture processes, Biotechnol. Prog. 22 (2006) 696–703. 
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