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Abstract
The optimization of cyanobacterium microalgae cultivation technology to provide the need for food or

feedstocks has recently attracted many investigators. An optimum operation on microalgae cultivation is
important to reduce the excessive workload on the aquatic environment. Therefore, this study describes
how the varied irradiance (2000 lux, 4000 lux, 6000 lux, 8000 lux, and 10,000 lux) treatments on a bubble
column photobioreactor system affected biomass production, phycocyanin, and protein from
cyanobacterium Spirulina fusiformis. The objective of this study was to obtain the optimum irradiance for
producing maximum biomass, phycocyanin, and protein simultaneously. The results demonstrated some
findings those were: 1) irradiance 10,000 lux made doubling time of growth earliest (only 24 hours) while
2,000 lux doubled within five days later; 2) light response curve showed that the increase of biomass
concentration was linear with the increasing of irradiance; 3) a predictive model (Response Surface
Method) proof that the most optimum quantity of the biomass (0.58 ±0.035 gL-1 dry weight), chlorophyll-
a (0.090 ±0.023 % dry weight), and phycocyanin (2.44 ±0.00 g/L dry weight) were obtained on 10,000
lux, while protein contents of 79.18±5.47 % dry weight attained on the irradiance of 6000 lux. The
maximum productivity of the biomass, chlorophyll-a, phycocyanin, and protein was ~Pbiomass of 24.95
mg/L.day; Pchl-a of 2.25E-02 mgL-1.day-1; Pphycocyanin of 1.88E-02 mg/L.day; and Pprotein of 17.56 mgL-1.day-
1. Enhancement of irradiance up to 5 folds lead to the increasing of biomass chlorophyll-a, phycocyanin,
and protein productivity, attained to 1.7, 5.01, 4.13, and 2.81 folds, respectively. The irradiance had a
significant influence on the production of the metabolites; therefore, the irradiance must be optimized.
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INTRODUCTION
Cyanobacterium microalgae are widely

distributed both in freshwater and marine
environments. These microorganisms are ancient
photosynthetic prokaryotes and play a role as
primary biomass producers at the base of the
aquatic food chain. Some cyanobacteria are
capable of fixing the atmospheric nitrogen,
therefore, favored being a symbiont with other
microorganism which advantageous for

preserving the fertile environment. These
microalgae excellently produce various secondary
metabolites which contain biologically active
ingredients. Numerous downstream products can
be made from these active ingredients, such as
antifungal, antibacterial, antitumor,
immunosuppressant, and immunostimulant. The
most cultivated worldwide cyanobacterium is
filamentous Spirulina (Arthrospira). This
cyanobacterium has already known as raw
material for making edible and toxic-free dried
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biomass. They are commonly being used as a
protein supplement in poultry and livestock feeds.
Therefore, the cultivation of Spirulina
(Arthrospira) is attractive (Bland and Angenent,
2016; Koller et al., 2014; Vanthoor-Koopmans et
al., 2013).

Ordinarily, farmers cultivate the Spirulina
(Arthrospira) in open ponds for economic reasons
(low-cost for construction, operation, and
maintenance) and the easiness to operate.
However, numerous drawbacks are adhered, such
as the low biomass productivity (less than 15 gm-

2.day-1), the difficulty to maintain the optimum
cultivation parameters, high rate of evaporation,
and susceptibility towards contamination.
Accordingly, to produce high-value microalgae
products, open ponds are mostly considered to be
unreliable. It is essential to implement a closed
system such as a photobioreactor system that
controls the operating conditions, culture
reproducibility, and avoiding contamination. The
optimum use of photobioreactor system also can
reduce the excessive workload of the aquatic
environment (Craggs et al., 2014; Johnson et al.,
2018; Whitton et al., 2015).

Under a favorable growth medium, the
environmental factors, one of them is irradiance,
become the most critical key for biomass
productivity, not only to assure its quantity but
also for quality. Irradiance is defined as the total

amount of radiation reaching a point from all
directions in space on every wavelength.
Nevertheless, microalgae only can use a range of
400-700 nm for conducting photosynthesis
(known as Photosynthetically Active Radiation,
P.A.R.) (Guler et al., 2019; Dejsungkranont et al.,
2017; Johnson et al., 2018). Therefore, this study
aimed to obtain the optimum irradiance applied in
a photobioreactor system to enhance the
maximum Spirulina fusiformis biomass
production and the chlorophyll phycocyanin and
protein contents.

METHODS
This method section describes the experimental

design and analytical methods.

Microalgae and Culture Media

A local microalgae strain of Spirulina
fusiformis was provided by the Lab. of
Planktonolgy-RC for Limnology, Indonesian
Institute of Sciences, Cibinong. It was grown in
Zarrouk medium, which composition is described
in Table 1. The microalgae were proliferated
under irradiance of 2000 lux for three days and
continuously aerated (flow rate of 3Lmin-1) before
inoculated into 15 sets of bubble column
photobioreactors (each has working volume,
Vworking of 2.0 L). All reagents were analytical
grade from Merck-Germany.

Table 1. Ingredients of Zarrouk‘s medium (Andersen, 2005)
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Figure 1 presents the process design of this
study. A system of the bubble column
photobioreactor (P.B.R.) configured from a glass
bottle (inner diameter of 20 cm and height of 30
cm) contained Vworking of 2.0 L (Schott-Germany)
filled with Zarrouk medium. These bottles are
equipped with a rubber plug with two holes (one
for the aeration tubing port and another for the air
ventilating port). Continuous aeration was
obtained from a blower pump provided air
streamflow of 3Lmin-1 into P.B.R.s under
irradiance of a 500 Watts Halogen Lamp. After
stabilization for 30 minutes, 100 mL of inoculum
was added into P.B.R.s. Irradiance treatment
varied by adjusting the distance between the
P.B.R. and the light source through lux
measurement using a digital lux meter (Lutron-
X310, China). The photoperiod was 24h/0h
light/dark cycle.

Obtaining the observed parameters and
Analytical methods

Daily measurements were proceeded to
determine optical density at 480 nm using a UV-
Vis spectrophotometer UV1800 (Shimadzu-
Japan). Meanwhile, a portable YSI-digital
instrument was used for the measurement of pH,
water temperature (Tw), and air temperature (Ta).

A sampling of the culture broth was conducted
every week within 31 days to measure biomass,

phycocyanin, chlorophyll-a, and protein. For dry
weight biomass determination, a 10 mL sample
was filtered through the pre-weighed paper GF/C
(Whatman, U.S.A.) and washed twice with
demineralized water. Retained biomass was oven-
dried at 100°C for 1 hour until consistent weight
is reached.

Chlorophyll-a content was determined by the
three chromatic methods (at the wavelength of
664, 647, and 630 nm) using spectrophotometer
UV1800 (Shimadzu-Japan). The obtained
absorbances were then corrected for turbidity by
subtracting those values at 750 nm (APHA-
AWWA, 1992).

Total protein in microalgae biomass was
measured spectrophotometrically according to the
Lowry method. A calibration curve of Bovine
Serum Albumin was prepared to determine
protein content (Lowry et al., 1951).

Phycocyanin extraction with phosphate buffer
solution (pH~7) and content measurement
spectrophotometrically at wavelength 620 nm
using spectrophotometer UV1800 (Shimadzu-
Japan) was conducted according to Boussiba and
Richmond (1979). All data of chlorophyll-a,
phycocyanin and protein contents are expressed
in % of dry weight.

Figure 1. The process design of every single bubble column photobioreactor (P.B.R.). Total operated
P.B.R. was 15 sets in every running.
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Statistical analysis

The presented data are the average of three
independent experiments with three replications.
The standard deviations of each set of
experiments are represented in the corresponding
figures (expressed as error bars).

Optimization of irradiance treatment was
conducted using Response Surface Methodology.
The influence of irradiance and biomass
concentration (independent variables) on the
metabolites (e.g. protein) production (dependent
variable) was assessed through non-linear
regression. This assessment was also conducted
on the production of phycocyanin and
chlorophyll-a. The quality of the fitted equations
model was expressed by the coefficient of
determination (R2), and its statistical significance
was checked by the Durbin-Watson statistic, the
Kolmogorov–Smirnov test, normality test, and

covariance test. Results were analyzed using
Sigma Plot for windows version 10-Systat
Software Inc.-Germany.

RESULTS AND DISCUSSION
The operational condition parameter

throughout this study is presented in Table 2. It
can be noted that both air temperature and water
temperature ranges are typical for tropical
climates. Spirulina fusiformis grew in the alkaline
pH values, which favors the typical alkaliphilic
microalgae. The optical density (O.D.) of
inoculant stock broth was 16 magnitudes higher
than the initial culture broth. This higher O.D. was
designed to ensure the adequate biomass quantity
for initiating the subsequent Spirulina fusiformis
cultivation in the P.B.R. system. Meanwhile, the
irradiance range was well adjusted according to
the research design of this study.

Table 2. The operational parameter in this study

Parameter Inoculant stock broth Initial culture broth Final culture broth
Air temperature (ºC) 29 28 30
Water temperature (ºC) 29.5 29.1 29.1 – 30
pH 9.05 8.72-8.84 10.48 – 10.64
Optical Density at λ 480nm 0.98 0.025-0.060 0.591-2.040
Irradiance (lux) - 2,000-10,000 2,000-10,000

Figure 2. Time profile of absorbance at ƛ480 nm of Spirulina fusiformis cultivar (a), biomass
concentration (b), maximum absorbance in every irradiance treatment (c). Data are expressed as mean

values ±deviation (n=3).
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The changes of the O.D. (absorbance at ƛ480
nm) of Spirulina fusiformis cultivar were depicted
in Figure 2a. It was clear that irradiance enhanced
algal growth and biomass concentration. Within
the early sixth days, the irradiance of 10 k lux
leads to 15 magnitudes of O.D. compared to its
initial value. Meanwhile, in 8 k lux, 6 k lux, and 4
k lux were only observed ~5 magnitudes. The
lowest magnitude occurred in P.B.R. with 2 k lux
irradiance, which only reached almost three
magnitudes. Figures 2b and 2c complemented
with Figure 2a; therefore, this result shows that
higher irradiance promoted faster growth of the
Spirulina fusiformis cultivar. This finding is also
in line with other reports emphasizing the
importance of light to biomass concentration and
carbon dioxide bio-sequestration (Mohsenpour
Willoughby, 2016; Morais Costa, 2007; Ores et
al., 2016; Zhao et al., 2015).

Comparing three metabolites’ products was
characterized by the mean and standard deviation
between three replicates of measurements in every
irradiance treatment (Figure 3a to Figure 3c). The
protein content attained the highest content
(79.18 % dry weight) when the cultivar was
irradiated with 6 k lux. Meanwhile, chlorophyll-a
contents (ranged 0.080-0.085% dry weight) were
not significantly differed when irradiated with 4 k
lux to 10 k lux. Phycocyanin content averagely
higher up to 30 magnitudes than chlorophyll-a
content. However, it was found that there is no
distinction among irradiance treatments (4 k lux-
10 k lux) to the phycocyanin content. The
significant difference only appeared on irradiance
of 2 k lux, both on chlorophyll-a and phycocyanin
contents.

Protein content in this study was confirmed
with other reports denoted that microalgae
biomass is considered a dietary supplement. Since

it contains protein up to 50-70 % of dry weight,
the highest protein content (79.18 % dry weight)
was observed in the 6 k lux treatment in this study.
Afterwards, the protein content tended to decline.
Table 3 shows the average productivity of

biomass, chlorophyll-a, phycocyanin, and protein
from Spirulina fusiformis cultivar in this study.
The enhancement of irradiance up to 5 folds lead
to the increasing of biomass attained to 1.7 folds.
Higher magnifications occurred on chlorophyll-a,
phycocyanin, and protein that were achieved on
5.01, 4.13, and 2.81 folds. However, biomass
productivity of Spirulina fusiformis in this study
(range 14.19-24.95 mg/.day) is lower compared to
another report, since according to the report of de
Morais and Vieira Costa (2007), biomass
productivity of Spirulina sp grown in a column
photobioreactor range was 40-140 mgL-1.day-1.
The productivity range of phycocyanin content

in Spirulina fusiformis in this study was also
lower than Spirulina platensis grown in various
photobioreactors whose productivity range was
14-125 mgL-1.day-1 (Chen et al., 2013; Mary
Leema et al., 2010).
Protein productivity of Spirulina fusiformis in

this study was lower 13 folds, compared to data as
reported by Michael et al. (2019) that in their
study, Spirulina fusiformis grown in medium
ordinary Zarrouk gave protein productivity of 234
mg/L.day.This difference seems caused by a
distinct implemented dark/light cycle (12h/12h of
irradiance 4500 lux).
Rangel-Yagui Cde et al. (2004) reported that

cultivation of S. platensis at different light
intensities and utilizing urea as the nitrogen
source showed chlorophyll-a productivity range of
0.45-1.32 mgL-1.day-1. In this study, Spirulina
fusiformis showing a lower range (50-100
magnitudes).

Table 3. The average productivity of biomass and metabolites of Spirulina fusiformis in a bubble column
reactor system.
Irradiance (x1000 lux) P biomass (mgL-1.day-1) P Chl-a (mgL-1.day-1) P phycocyanin (mgL-1.day-1) P Protein (mgL-1.day-1)

2 14.19 4.48E-03 4.56E-03 6.25

4 15.05 1.11E-02 8.66E-03 10.28

6 16.45 1.31E-02 1.02E-02 13.03

8 21.08 1.78E-02 1.40E-02 15.32

10 24.95 2.25E-02 1.88E-02 17.56
P=Productivity; Chl-a=Chlorophyll-a
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Determination of the optimum irradiance for
producing chlorophyll-a, phycocyanin, and
protein content in the Spirulina fusiformis cultivar
biomass conducted through response surface
methodology (R.S.M.) (Figure 4a to 4c). This
method relates between independent variables
(irradiance and dry weight biomass) and
dependent variable (metabolite product). This
method was recently popular and used in some

reports that deal with optimization of the
operational parameter in microalgae cultivation
(Ho et al., 2012; Jacob-Lopes, Cacia Ferreira
Lacerda, et al., 2008; Jacob-Lopes, Scoparo, et al.,
2008). Since there were three metabolites
products, three graphical visualizations (3
dimensions surface plots) were made, as seen in
Figures 4a to 4c.

Figure 3. Comparison of total protein (a), chlorophyll-a (b), phycocyanin (c) under different irradiance.
Data are expressed as mean values ±deviation (n=3).

Figure 4. Three-dimensional fitting of different irradiance to the average values of biomass concentration
towards chlorophyll-a content (a) against phycocyanin content (b), against protein content (c).
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Table 4. The result of dynamic fitting on non-linear regression for production of observed three
metabolites. Visualization of these equations was as seen in Figures 4a to 4c.

No Equations R2

1 Protein production
������� �������
= 123.7 + 13.08 ∗ ����������
− 239.6 ∗ ��� ����ℎ� �������

0.979

2 Phycocyanin production
�ℎ��������� �������
= 7.27 + 0.99 ∗ ����������
− 31.63 ∗ ��� ����ℎ� �������
− 0.09 ∗ ����������2 + 31.27
∗ ��� ����ℎ� �������2

1.000

3 Chlorophyll-a production
�ℎ�����ℎ��� − � �������
= 0.29 + 0.05 ∗ ����������
− 1.41 ∗ ��� ����ℎ� �������
− 0.005 ∗ ����������2 + 1.44
∗ ��� ����ℎ� �������2

1.000

It was shown in Figures 4a and 4b (formed as
paraboloid curves) that irradiance of 10 k lux
significantly correlated to the maximum content
both of chlorophyll-a and phycocyanin contents.
This finding also fitted the second-order non-
linear equations of (2) and (3) in Table 4. It can be
deducted from equation 2 and equation 3 that
phycocyanin and chlorophyll-a contents are more
strongly affected by the irradiance. This finding
can be attributed to a photosynthetic mechanism
that involves chlorophyll and phycobiliproteins
(Ghorbani et al., 2014; Gonçalves et al., 2016;
Gordillo et al., 1999; Gordillo et al., 2001).

In terms of protein production, there was a
distinction from the other two previously
mentioned metabolites. It was found that the
optimum irradiance was observed in 6 k lux
(resulted from the highest protein content of
79.18 % dry weight). Figure 4c also showed a
different form (a plane curve) and followed a non-
linear-equation called a three-dimension-planar
equation (equation 1 in Table 4).

The quality of model fitting was presented by
the coefficient of the determination (R2). Those
models explained that more than 90 % of
dependent variables were adequately between
experimental results and theoretical prediction.
Therefore, the optimum condition of the

production of the maximum metabolites has been
successfully determined.

CONCLUSION
The production of chlorophyll-a, phycocyanin

and protein from Spirulina fusiformis using the
P.B.R. system in this study was maximized by
optimizing irradiance through a Response Surface
Methodology. The optimum irradiance for the
protein content (maximum 79.18±5.2 % dry
weight) was found under irradiance of 6 k lux,
while both for chlorophyll-a (maximum
0.090±0.023 % dry weight) and phycocyanin
(maximum 2.44±0.00 % dry weight) were 10 k
lux.

Future studies will be carried out to optimize
several other cultivation parameters (such as
media composition, temperature, and mixing) but
using fractional factorial design to reduce the
number of experimental runs.
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