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Abstract

In this study, Pavlova lutheri, Chlorella vulgaris, and Porphyridium cruentum were cultured using modified F/2 media in a
1 L flask culture. Various nitrate concentrations were tested to determine an optimal nitrate concentration for algal growth.
Subsequently, the effect of light emitted at a specific wavelength on biomass and lipid production by three microalgae was
evaluated using various wavelengths of light-emitting diodes (LED). Biomass production by P. lutheri, C. vulgaris, and P.
cruentum were the highest with blue, red, and green LED wavelength with 1.09 g dew/L, 1.23 g dcw/L, and 1.28 g dew/L
on day 14, respectively. Biomass production was highest at the complementary LED wavelength to the color of microalgae.
Lipid production by P. lutheri, C. vulgaris, and P. cruentum were the highest with yellow, green, and red LEDs’ wavelength,
respectively. Eicosapentaenoic acid production by P. lutheri, C. vulgaris, and P. cruentum was 10.35%, 10.14%, and 14.61%,

and those of docosahexaenoic acid were 6.09%, 8.95%, and 11.29%, respectively.
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Introduction

Among polyunsaturated fatty acids, omega-3 fatty acid is an
essential fatty acid known to be high-density lipid (HDLs),
which is beneficial for human health [1]. Among them,
eicosapentaenoic acid (C,,H;,0,, EPA) and docosahex-
aenoic acid (C,,H;,0,, DHA) are essential for fetal brain
development and help to prevent heart disease as well as
enhance ocular health [2, 3]. DHA is also a key component
of all cell membranes and is found in the brain and retina
[4]. The main source of omega-3 fatty acid is fish. How-
ever, people are concerned about the intake of fish owing to
concerns regarding the risk of heavy metal intake such as
mercury, as well as recent reductions in global fish yields
[5]. Recently, the use of alternative sources, such as micro-
algae, as a solution to the above-mentioned problems has
been considered [6].
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Microalgae are unicellular photosynthetic organisms that
grow by using sun light and carbon dioxide and produce
lipids that can be applied as biofuels, food, feed, and high
value bioactive agents based on nutrient sources such as
nitrogen, phosphorus, and gallium [7-9]. Microalgae grow
rapidly fix carbon dioxide 10-50 times more efficiently than
land plants [10-12]. Among different microalgal species,
Paviova lutheri, Chlorella vulgaris, and Porphyridium cru-
entum were used in this study. P. lutheri and C. vulgaris
have a high lipid content of 30-40% per dry cell weight
and are suitable for commercial use with lipids [5, 13]. In
addition, P. lutheri and P. cruentum produce high content of
unsaturated fatty acid and contain omega-3 fatty acids such
as EPA and DHA [5].

Optimum light wavelength using light-emitting diodes
(LEDs) in the narrow spectrum band is essential for micro-
algal culture [14]. The advantage of LEDs is low energy
consumption and low heat generation with sufficient light
emission to facilitate maximum growth of heat sensitive
microalgae. LEDs have a longer life than fluorescent lamps
and have high conversion efficiency [15]. The lifetime of
LEDs is 500% and 941% longer than that of a fluorescent
light. LEDs can emit uniform light to the bioreactor owing
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to the dispersion of lights, and microalgae can be cultured
by adjusting light intensity [14].

Microalgal growth and lipid production are affected by
various physical and chemical stresses as well as environ-
mental conditions. Temperature [16], nutrients [17], light
intensity [18], salt concentration [19], L/D photoperiod cycle
[20], and LED wavelengths [21] affect the biomass and lipid
production of microalgae. When C. vulgaris was cultured
under LED light emitted at appropriate wavelengths, the
biomass yields increased when light was emitted at red
(660 nm) wavelength [22].

In this study, cell growth and lipid production were
improved through two-phase culture system using wave-
length stress. Two-phase culture system produced the high-
est biomass with complementary LED wavelength to the
color of microalgae in the first-phase culture to produce bio-
mass. When the cells reach the stationary phase, the culture
is switched to the second-phase culture by changing the LED
wavelength to similar color of microalgae as a stress to pro-
duce lipid in the unfriendly condition. In the second phase,
same LED light color to microalgae was applied to produce
high amount of lipid in the biomass [21].

This study aimed to improve cell biomass production in
the first phase and lipid production in the second phase by
applying a two-phase culture system, and ultimately increase
the content of unsaturated fatty acid. The first trial of culture
was performed to determine optimum nitrate concentrations
for the three microalgae, namely as P. lutheri, C. vulgaris,
and P. cruentum. After optimizing the nitrate concentration,
the first phase of the second experiment was carried out, by
employing the wavelengths of the LED light determined dur-
ing the first trial, to increase cell biomass. This experiment
facilitates an increase in lipid production during the second
phase of culture when the microalgae could not absorb LED
light stress. Therefore, when microalgae are cultured in a
two-phase culture system, lipid production can be increased
in the second-phase culture compared with the lipid produc-
tion in the first-phase culture (Fig. 1).
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Fig.1 Graphical views of two-phase culture system setting. LED
panels with dimensions of 28.5x38.6x4.4 cm® (Luxpia Co. Ltd.,
Suwon, Korea) were arranged in strips in this experiment. Each LED
strip comprised 10 diodes spaced vertically and 20 diodes spaced
horizontally at 1-cm intervals. The LED light panel is composed of
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red, yellow, green, blue, and purple. a—c first-phase cultures and d—f
second-phase culture systems. a and d, b and e, and ¢ and f are Pav-
lova lutheri, Chlorella vulgaris, and Porphyridium cruentum, respec-
tively
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Materials and methods
Microalgae and culture conditions

P. lutheri, C. vulgaris, and P. cruentum were obtained
from the Korea Institute of Ocean Science and Technol-
ogy [Southern Sea Research Institute of Korean Institute
of Ocean Science and Technology (KIOST), Geoje-si,
Korea] and cultured under LED light emitted at various
wavelengths, as shown in Fig. 2. The algae were pre-
cultured for 12 days in sterilized seawater supplemented
with a modified f/2 medium containing 75 mg NaNO;,
5 mg NaH,PO,-H,0, 4.36 mg Na,EDTA, 3.15 mg
FeCl;-6H,0, 0.02 mg MnCl,-4H,0, 0.02 mg ZnSO,-7H,0,
0.01 mg CoCl,-6H,0, 0.01 mg CuSO,-5H,0, 0.006 mg
Na,Mo0,-2H,0, 30 mg Na,SiO;, 0.2 mg thiamine-HClI,
0.01 mg vitamin B12, and 0.1 mg biotin per liter [23]. The
initial cell density was 1 10° cells/ml. The three above-
mentioned strains were cultured at a temperature of 20 °C,
and light intensity of 100 pmol/m?/s under a photoperiod
cycle of 12:12 h L/D [21]. Sodium nitrate was used as
the nitrate source [24] and concentration was evaluated at
80 mg/L, 160 mg/L, 240 mg/L, and 320 mg/L.

Fig.2 Photographs of micro-
algae cultured under different
wavelengths; C. vulgaris (CV),
P. lutheri (PL), and P. cruentum
(PC), respectively. Cell culture
was carried out under a fluores-
cent light as a control, b purple
(400 nm), ¢ blue (465 nm),

d green (520 nm), e yellow
(590 nm), and f red (625 nm)
LED wavelengths (C)

(E) B

LED wavelengths for microalgal culture

LED panels with dimensions of 28.5x38.6x 4.4 cm®
(Luxpia Co. Ltd., Suwon, Korea) were arranged in strips
in this experiment. Each LED strip comprised 20 diodes
spaced vertically and horizontally at 1-cm intervals. LED
wavelengths used for the growth of microalgae were purple
(400 nm), blue (465 nm), green (520 nm), yellow (590 nm),
and red (625 nm). The light intensity was measured using
a light sensor (TES-1339; UINS Ins., Busan, Korea) at the
centerline of the flask filled with culture medium. The con-
trol culture was maintained for 17 days under fluorescent
light [25].

Measurement of microalgal biomass growth

Dry cell weight was determined using an ultraviolet—vis-
ible spectrophotometer (Ultrospec 6300 Pro; Biochrom Ltd.,
Cambridge, UK) at an optical density of 680 nm (ODgg) and
540 nm (ODs,,) [26, 27].

The correlation between the optical densities (680 nm and
540 nm) of the three microalgae and their dry cell weights
was determined by the following equations:

Dry cell weight(dcw)of P. lutheri (g dcw /L)
= 0.35(0Dggy) (R* = 0.99)

ey

(D)

(F)

C. vulgaris (CV) P. lutheri (PL) P cruentum (PC)
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Dry cell weight(dew)of C. vulgaris(g dew/L)
= 0.41(ODgg) (R* = 0.98) 2)

Dry cell weight(dcw)of P. cruentum (g dcw /L)

=0.77(0ODs,,) (R* = 0.99) )

Total lipid measurement

Cell harvesting was carried out by centrifuging (Supra R22;
Hanil Scientific Inc., Gimpo, Korea) at 9946xg for 10 min
and washed twice using distilled water. The cell biomass was
dried using a freeze dryer (SFDSM-24L; SamWon Industry,
Seoul, Korea). Subsequently, 5 mL of distilled water was
added to 10 mg of the dried cell biomass, and cells were
sonicated for 10 min using a sonicator (100 W, 20 kHz, 550
Sonic Dismembrator; Fisher Scientific Inc., Pittsburgh, PA,
USA). The total lipid content was determined using metha-
nol and chloroform following a modified solvent-based
method [28], as shown in the following equation:

(W, — W) x 100

4
DCW ’ @

Lipid production (% of dew) =
where lipid content is the cellular lipid content of the micro-
algae (% of DCW). W, (g) is the weight of an empty 20-mL
glass tube and W, (g) is the weight of a 20-mL glass tube
containing the extracted lipid. DCW (g) is the dried micro-
algal cell biomass.

Fatty acid methyl ester (FAME) measurement

The direct transesterification method [29] was used to
convert extracted lipids to FAMEs. FAMEs were then
analyzed using gas chromatography (GC, YL 6100;
Young Lin Inc., Anyang, Korea) by employing a flame
ionization detector (FID) and a silica capillary column
(30 mx0.32 mmXx0.5 pm; HP-INNOWAX; Agilent Tech-
nologies, Santa Clara, CA, USA). The column temperature
adjustments were as follows: 140 °C for 5 min followed by
a temperature increase to 240 °C at 5 °C/min, which was
subsequently maintained for 10 min. The injector and FID
temperatures were set at 250 °C. FAMEs were identified by
comparing their retention times against those of authentic
standards.

Statistical analyses
Each experiment was conducted in triplicate. The statistical

significance of cell biomass and lipid content was evaluated
by one-way analysis of variance (ANOVA) and Duncan’s
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multiple range test (P <0.05) using the SPSS software (ver.
23.0; SPSS Inc., Chicago, IL, USA).

Results and discussion
Effect of nitrate concentration on cell growth

P. lutheri, C. vulgaris, and P. cruentum were cultured in 2-L
flasks with a 1-L. working volume at 20 °C and at an aera-
tion rate of 2.5 L/min. Nitrate concentration of microalgae
was controlled to determine optimal biomass production.
Nitrate concentrations of 80 mg/L, 160 mg/L, 240 mg/L,
and 320 mg/L were prepared for cultures with a fluorescent
light intensity of 100 pmol/m%/s. Figure 3a—c demonstrates
that P. lutheri, C. vulgaris, and P. cruentum cultured at
nitrate concentration of 160 mg/L, 240 mg/L, and 160 mg/L
showed maximum biomass production levels of 0.93 g
dew/L, 1.13 g dew/L, and 1.25 g dew/L, respectively, over
15 days. Increase in nitrate concentration resulted in higher
cell biomass production. For the cultures of Phaeodactylum
tricornutum, Dunaliella tertiolecta, and Isochrysis galbana,
nitrate concentration contributing to generation of maximum
biomass were different [30]. Here, P. lutheri and P. cruentum
showed maximum biomass production at the same nitrate
concentration of 160 mg/L, whereas the nitrate concentra-
tion required for facilitating. Maximum biomass produc-
tion by C. vulgaris was different, i.e., 240 mg/L. A further
increase in nitrate concentration to 160 mg/L for P. lutheri
and P. cruentum led to a reduction in biomass production
levels; C. vulgaris also showed the same trend for nitrate
concentration exceeding 240 mg/L, as shown in Fig. 3a—c.
This indicates that high concentrations of nitrate have an
inhibitory effect on algal growth. Microalgae increase the
activity of nitrate reductase at high concentrations of nitrate,
leading to an enhanced production of nitrite and ammonia;
thus, the accumulated nitrite and ammonia may act as inhibi-
tory compounds in biomass production [31, 32].

Effects of LED wavelengths on cell growth and lipid
accumulation in the first phase of culture

Figure 4 show the complementary LED wavelengths. Com-
plementary wavelengths are wavelengths that emit white
light when two wavelengths of lights are mixed. The wave-
length at the opposite position of the color wheel is called
the complementary wavelength [33].

An important factor in determining the optimal photo-
synthetic activity of microalgae is the wavelength. Cell
growth and lipid production in microalgae are affected by
LED wavelengths. The LED lights were emitted at the
following wavelengths: purple (400 nm), blue (465 nm),
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Fig.3 Biomass production by various initial nitrate concentrations
and fluorescent light intensity of 100 pmol/m%s: a P. lutheri, b C.
vulgaris, and ¢ P. cruentum

green (520 nm), yellow (590 nm), and red (625 nm). Fluo-
rescent light was used for the control culture.

Figure 5 shows dry cell weight achieved using the purple
(400 nm) to red (625 nm) wavelengths at optimal nitrate
concentrations of 160 mg/L for P. lutheri and P. cruentum,
and 240 mg/L nitrate for C. vulgaris. Figure 4a shows that,
among these wavelengths, blue LED wavelength facilitated

565 - 590 nm

Fig.4 Complementary wavelength of LED lights. When complemen-
tary lights with opposite light colors are overlapped, the light color
becomes white

P. lutheri to produce the highest biomass of 1.09 g dew/L
on day 14, followed by purple LED (0.99 g dew/L), red
LED (0.98 g dcw/L), fluorescent light (0.89 g dew/L), green
LED (0.86 g dcw/L), and yellow LED (0.62 g dcw/L). These
results indicated that the use of blue LED wavelength as
a light source could enhance the biomass production by
P. lutheri. Phaeodactylum tricornutum, a brown-colored
microalgae similar to P. lutheri, showed the highest bio-
mass production under blue LED [34]. This is because P.
tricornutum possesses chlorophyll a, chlorophyll c1 +c2,
and fucoxanthin as primary pigments and some carotenoids
that absorb blue light [35]. Thus, for P. lutheri, blue LED
wavelength was chosen as the wavelength for biomass pro-
duction in the first phase of culture.

Figure 5b shows that C. vulgaris produced maximum
biomass at 1.23 g dcw/L on day 14 under red LED wave-
length, followed by blue LED (1.15 g dew/L), fluorescent
light (1.10 g dcw/L), purple LED (1.06 g dcw/L), yel-
low LED (1.04 g dcw/L), and green LED (0.88 g dcw/L).
Therefore, red LED wavelength was used to increase the
biomass production of C. vulgaris. This result is consist-
ent with that reported [22]. When C. vulgaris was cultured
at various wavelengths of red, white, yellow, purple, blue,
and green LEDs, C. vulgaris generated the highest biomass
under red LED. The reason for this is that, C. vulgaris,
green microalgae, possesses chlorophyll a, chlorophyll b
and the accessory pigment carotenoid for photosynthesis,
and that all chlorophylls have a maximum absorption band
at red (600—700 nm) and blue (400-500 nm) wavelengths
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Fig.5 Biomass productions under different LED wavelengths during
the first phase of culture: a P. lutheri, b C. vulgaris, and ¢ P. cruentum

[36]. Thus, red LED wavelength was a suitable wavelength
for biomass production of C. vulgaris in the first phase of
culture.

Figure 5c¢ shows that P. cruentum yielded the highest
biomass at 1.28 g dcw/L under green LED wavelength,
following by purple LED (1.23 g dcw/L), blue LED
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(1.23 g dcw/L), fluorescent light (1.22 g dcw/L), yellow
LED (1.20 g dew/L), and red LED (1.17 g dew/L). Similar
biomass production levels were also achieved by Porphy-
ridium purpureum at the above-mentioned wavelengths [37].
P. purpureum is a red microalga belonging to the same genus
as P. cruentum. P. purpureum showed the highest biomass
production under green LED among red, green, and blue
wavelengths as well as on being exposed to a combination
of red, green, and blue. According to these results, P. cruen-
tum was cultured for increasing biomass production at green
LED wavelengths. Phycobiliprotein has been reported to be
a major harvest pigment of red microalgae. Phycobiliprotein
is mainly composed of phycoerythrin and small amounts
of phycocyanin and allophycocyanin [38]. Phycoerythrin
absorbs light efficiently at green wavelength with a range
of absorption bands of 450-600 nm [37]. Thus, green LED
wavelength was selected as a suitable wavelength for bio-
mass production of P. cruentum in the first phase of culture.

The main carotenoids of microalgae with various LED
wavelength produced different amounts of biomass. The
supply of undesired wavelengths to carotenoids caused in
photo-oxidation, reduction of photosynthesis, and decrease
of cell division leading to a reduction of biomass produc-
tion [39]. However, proper light with desired wavelengths
to main carotenoids of microalgae increases the activity of
cell and biomass production [40].

According to the results of Fig. 5, the brown microal-
gae P. lutheri, the green microalgae C. vulgaris, and the
red microalgae P. cruentum generate the highest biomass
yields in complementary LED wavelength to the microal-
gae color blue (465 nm), red (625 nm), and green (520 nm)
LEDs, respectively. This indicates that the microalgae were
able to increase absorption of light at complementary LED
wavelengths.

Figure 6 shows the lipid content on day 14 of the first
phase of culture. P. lutheri showed the highest lipid con-
tent at 52.0% (w/w) under yellow wavelength as the same
wavelength of the cell color. C. vulgaris showed the high-
est lipid content at 50.5% (w/w) under green LED wave-
length. P. cruentum showed the highest lipid content at
36.7% (w/w) under red LED wavelength. The highest lipid
production can be obtained at the wavelength that gener-
ates the lowest biomass. Lipid production is occurred by
protein and carotenoid biodegradation. As a result, pho-
tosynthesis does not occur and the biomass production
is low [41]. Microalgae accumulate lipids under stress
condition, because they reflect light without absorbing it
[30]. Lipid accumulation is induced by energy imbalance
of microalgae and the exposure to stress factor. In addi-
tion, cells produced lipid from self-defense mechanisms
by photo-oxidation of light [42]. The lipid production was
carried out by the enzymatic synthesis of ribulose bispho-
sphate carboxylase/oxygenase (RuBPCase) and carbonic
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Fig.6 Lipid production at different LED wavelengths during the end
of the first phase of culture to enable wavelength selection during the
second phase of culture. Different letters and numbers indicate sig-
nificant differences (P <0.05, Duncan’s test)

anhydrase [43]. Thus, yellow, green, and red LEDs were
selected as optimal wavelengths for lipid production in
the second phase of culture of P. lutheri, C. vulgaris, and
P. cruentum, respectively.

Biomass and lipid production by two-phase culture

The two-phase cultures of microalgae were carried out under
optimal nitrate concentrations and LED wavelengths, as
shown in Fig. 7.

Figure 7a shows the two-phase culture for biomass and
lipid production by P. lutheri. P. lutheri used blue (465 nm)
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Fig.7 Microalgal culture under blue, red, and green LED wave-
lengths for biomass production and under yellow, green, and red
LED wavelengths for lipid production by P. lutheri, C. vulgaris, and
P. cruentum, respectively. a Two-phase cultures of P. lutheri, C. vul-
garis, and P. cruentum involving biomass production in the first phase
and lipid production in the second phase and b lipid production by

LED wavelength in the first phase of culture for biomass pro-
duction and yellow (590 nm) LED wavelength in the second
phase of culture for lipid production. The second phase of
culture was started on day 14. Red (625 nm) LED wave-
length was used for the first phase of culture of C. vulgaris
for biomass production and green (520 nm) LED wavelength
was used for the second phase of culture for lipid produc-
tion. Green (520 nm) LED wavelength was used for biomass
production by P. cruentum in the first phase of culture, while
red (625 nm) LED wavelength was used in the second phase
for lipid production.

LED light stress in the second phase of culture was
exerted for 3 days to determine the optimum culture time
to obtain maximum lipid content. The lipid content of P.
lutheri cultured in two-phase culture is shown in Fig. 7b.
On day 2 of the second phase of culture, P. lutheri gener-
ated the highest lipid content at 49.1% under yellow LED,
while C. vulgaris and P. cruentum generated the highest
lipid content at 46.2% and 37.8% under green and red LED
wavelengths, respectively. Under stress-induced conditions,
lipid content was highest on day 2 and slightly decreased
on day 3. Day 3 is associated with excessive and prolonged
stresses that decrease lipid production. Stress is required to
generate high lipid content. However, the duration of light
exposure increases, the lipid production decreases due to
oxidative stress [44]. Similar results were reported regard-
ing the effect of green wavelength stress on lipid synthesis
in Nannochloropsis oculata, Nannochloropsis salina, and
Nannochloropsis oceanica [21]. The results revealed that
lipid production could be improved in the second phase
of culture when LED light under stress-induced condition
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the three microalgae under LED wavelength-induced stress at the sta-
tionary phase of the second phase of culture. The vertical line in (a)
indicates the start of the second phase of the cultures. Different letters
indicate significant differences in lipid content (P <0.05, Duncan’s
test)
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was employed in the two-phase culture. According to these
results, the above-mentioned condition is critical to increase
lipid production in the two-phase culture.

Effect of LED wavelengths on fatty acid composition
in lipids produced from three microalgae

Table 1 presents fatty acid composition of P. lutheri, C. vul-
garis, and P. cruentum cultures. Table 1 (A) shows the fatty
acid composition at the end of the first phase of culture, and
Table 1 (B) shows the fatty acid composition on day 2 of the
second phase of culture. As shown in Table 1 (A), all three
microalgae contain the highest stearic (C18:0) acid content,
ranging from 34.25% (w/w) to 43.77% (w/w) for P. lutheri;
47.26% (w/w) to 63.47% (w/w), C. vulgaris; and 45.64%
(w/w) to 56.76% (w/w), P. cruentum. The most common
components of biodiesels are palmitic acid (C16:0), palmit-
oleic acid (C16:1), stearic acid (C18:0), oleic acid (C18:1),
and linoleic acid (C18:2) methyl esters [45]. Stearic acid
(C18:0) could be used as a biodiesel because of its high
cetane number [46]. As shown in Table 1 (B), the content
of unsaturated fatty acids in the three microalgae after the
second phase of culture was higher than that in the first
phase of culture. In the second phase of culture, the highest
unsaturated fatty acid content of P. lutheri, C. vulgaris, and
P. cruentum was determined to be 55.64% (w/w), 45.91%
(w/w), and 43.38% (w/w) on being exposed to yellow, green,
and red LED wavelengths, respectively. This suggests that
unsaturated fatty acid content was increased under stress-
induced by wavelength radiation during the second phase
of culture.

Conclusion

Microalgal culture using two-phase culture system increases
biomass and lipid production. In the first phase, the growth
of P. lutheri, C. vulgaris, and P. cruentum was increased by
selecting the complementary LED wavelength of microalgae
colors, blue (465 nm), red (625 nm), and green (520 nm),
respectively. The lipid content was increased in the second
phase of culture. P. lutheri, C. vulgaris, and P. cruentum
produced 31.3% (w/w), 29.0% (w/w), and 25.8% (w/w) of
unsaturated fatty acids in the first phase, which increased
to 42.7% (w/w), 35.2% (w/w), and 32.5% (w/w) during the
second phase by exposing microalgae to the same color LED
wavelength as a stress condition, respectively.
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