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Kinetic models for phycocyanin production by high cell density
mixotrophic culture of the microalga Spirulina platensis
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Phycocyanin production by high cell density cultivation of Spirulina platensis in batch and fed-batch modes in 3.7-L
bioreactors with a programmed stepwise increase in light intensity program was investigated. The results showed
that the cell density in fed-batch culture (10.2 g L −1) was 4.29-fold that in batch culture (2.38 g L −1), and the total
phycocyanin production in the fed-batch culture (0.795 g L −1) was 3.05-fold that in the batch culture (0.261 g L −1). An
unstructured kinetic model to describe the microalga culture system including cell growth, phycocyanin formation,
as well as glucose consumption was proposed. The data fitted the models well ( r2 . 0.99). Furthermore, based on
the kinetic models, the potential effects of light limitation and photoinhibition on cell growth and phycocyanin forma-
tion can be examined in depth. The models demonstrated that the optimal light intensity for mixotrophic growth of
Spirulina platensis in batch or fed-batch cultures using a 3.7-L bioreactor was 80 |160 mE m−2 s−1, and the stepwise
increase in light intensity can be replaced by a constant light intensity mode.
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Introduction

Spirulina platensisis a blue-green microalga which can
produce large quantities of high value products such as phy-
cocyanin [3]. This organism can utilize organic carbon sub-
strates (ie, glucose, acetate, etc) for heterotrophic and mix-
otrophic growth [3,8]. However, heterotrophic growth is
not suitable for production of phycocyanin, for the content
of the alga grown heterotrophically was only 55 mg g−1 dry
biomass [9], and heterotrophic growth ofSpirulina plat-
ensishad an extremely long lag phase (about 200 h) and
low specific growth rate of 0.0083 L h−1 [9]. In contrast, a
lag was not observed with mixotrophic culture and there
was a higher specific growth rate (0.026 L h−1) as well as a
greater phycocyanin content (120 mg g−1 dry biomass) [3].

Large-scale synthesis of phycocyanin bySpirulina plat-
ensis is hampered by problems associated with process
design. Low productivity with typical cell densities of 0.5–
1 g L−1 is a major obstacle to the successful commercializ-
ation of phycocyanin production [6,13]. The optimization
and control of bioprocesses often requires the establishment
of a mathematical model that describes the kinetics of pro-
cess variables (microbial growth, substrate uptake and pro-
duct formation). Despite impressive progress made recently
in developing structured models for microbial growth, the
unstructured models or semi-mechanistic models are still
the most popular ones used in practice [25].

Fed-batch culture has been widely employed for high cell
density cultivation of microorganisms [21,28]. However,
little information is available concerning the kinetic models
for mixotrophic microalgal culture systems involved in cell
growth, glucose consumption, and product formation simul-
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taneously, although the relationship between specific
growth rate of microalgae and substrate or light intensity
was sometimes involved in the investigations
[4,5,10,15,17,22].

The objectives of the present study were to investigate
the phycocyanin production by high cell density cultivation
of Spirulina platensisin batch and fed-batch modes and
to develop an unstructured kinetic model, which takes into
account the dependence of growth and production on glu-
cose concentration and light intensity so as to analyze the
dynamics of microalgae growth and phycocyanin accumu-
lation under mixotrophic culture conditions.

Materials and methods

Microorganism and culture medium
Spirulina platensis(UTEX 1926) was obtained from the
University of Texas Culture Collection. Zarouk medium
supplemented with 2 g L−1 glucose was used [23] and steril-
ized at 121°C for 15 min before use. The initial pH was
adjusted to 9.5 with 1 M NaOH and 1 M HCl.

Batch culture
The experiment was carried out in a 3.7-L bioreactor
(Bioengineering AG, Switzerland) containing 2.5 L of
medium. The culture was agitated at 300 rpm (a mixer with
flat-blade disk turbine) and sterile air was supplied to the
culture at a flow rate of 100 L h−1. Culture temperature was
set at 30°C. The culture was illuminated at a constant light
intensity of 80mE m−2 s−1.

Fed-batch culture
The experiment was also carried out in a 3.7-L bioreactor
(Bioengineering AG, Switzerland) containing 2.5 L of
medium. The culture temperature, agitation rate, and aer-
ation rate were the same as that in the batch culture. At the
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late exponential phase of growth (the 5th day), the sterile
glucose solution (100 g L−1) was fed intermittently by a
peristaltic pump (2 ml min−1). Light irradiance was pro-
vided by the surrounding cool white fluorescent tubes,
gradually increased light intensities from 80 (the first 4
days) to 100 (days 5–6), 120 (days 7–8), 140 (days 9–10),
and 160 (after day 10)mE m−2 s−1 was used.

Analytical methods

Cell dry weight concentrations, glucose concentrations, and
phycocyanin content were determined according to the
methods previously reported [3].

Model development

Cell growth model: The most widely used unstruc-
tured model for the specific growth rate,m, is the Monod
equation, which increases monotonically as a function of
the substrate concentrationCS [11]:

m =
mmCS

Ks + CS
(1)

wheremm is the maximum specific growth rate andKS is
the Monod saturation constant, a kinetic parameter which
indicates how fast the maximum specific growth rate is
reached. In fact, according to Eqn (1),m → mm when
KS → 0, ie the smallerKS, the more rapidly the maximum
specific growth rate is reached. Unfortunately, the Monod
model often fails to account for substrate inhibition of
growth at higher substrate concentrations. To overcome the
drawback, another well-known model is used, the non-
monotonic Haldane model as a function of the substrate
concentrationCS [1]:

m =
mmCS

Ks + CS +
C2

S

Ki

(2)

where Ki is the inhibition constant. The smallerKi, the
larger the inhibition effect of the substrate.

Both the Monod model and the Haldane model only
examine the effect of a single substrate and ignore the inhi-
bition potential of other environmental factors such as light
intensity, the cell itself, the product, etc.

Practically, the most important environmental factor for
the algal culture is light, which primarily concerns photo-
synthesis. In a manner similar to that of the Tamiya model
[16], a Monod-type expressionI/KXI + I was employed to
describe the effect of light. Additionally, Weiss and Ollis
[20] proposed a model depending on biomass concentration
only, by means of a logistic equation:

m = mm S1 −
CX

CXm

D (3)

hence the expression (1− CX/CXm
) was employed to

describe the biomass inhibition. Also, the expression

(1 −Cp/Cpm
) was used to describe the product inhibition, as

reported in a glycerol fermentation by Zenget al [24]. Thus
the Haldane model may be extended as follows:

m = mm

CS

KS + CS +
C2

S

Kxi

I
KXI + I

S1 −
CX

CXm

DS1 −
CP

CPm

D (4)

where m is the specific growth rate (1/day),mm is the
maximum specific growth rate (1/day),CX, CP, CS are the
cell concentration (g L−1), the product concentration (g L−1)
and the glucose concentration (g L−1), respectively.
CXm

, CPm
are the maximum cell concentration (g L−1) and

maximum product concentration (g L−1), respectively, ie
they are critical concentrations for the inhibitors above
which cell or product cease to grow [26].I is light intensity
(mE m−2 s−1). KS, KXI, Kxi are respectively the glucose satu-
ration constant, the light saturation constant and the glucose
inhibition constant of cell growth (g L−1).

Product formation model: The much-discussed kin-
etic model for product formation is the following equ-
ation [7]:

dCP

dt
= YPX

dCX

dt
+ mPXCX (5)

The model states that the product formation rate of cells
can be attributed to a growth-associated part and a non-
growth-associated part. Apparently, the model does not take
into account the inhibition effects of glucose, product itself
and light intensity. In order to account for glucose inhi-
bition of product formation, a Haldane-type expression

CS

KPS+ CS +
C2

S

Kpi

was incorporated. In fact, Moraine and

Rogovin [12] used the following equation to describe xan-
than production:

dCP

dt
=

mPXCXCS

KPS + CS
(6)

Similarly, Monod-type expressions (I/KPI + I) and the logis-
tic expression (CP(1 − Cp/Cpm

)) were formulated accord-
ingly to describe light influence and product inhibition,
respectively. Therefore, the Luedeking-Piret equation for
product formation is extended as follows:

dCP

dt
= SYPX

dCX

dt
+ mPXCXD CSCP

KPS + CS +
C2

S

Kpi

I
KPI + I S1 −

CP

CPm

D (7)

whereCX, CP, CPm
, CS, I are the same as above.KPS, Kpi,
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and KPI are the glucose saturation constant, the glucose
inhibition constant, and light inhibition constant of product
formation (g L−1), respectively.YPX is the instantaneous
yield coefficient of product formation due to cell growth
(g g−1), which reflects the ability of product formation with
the increased cell concentration.mPX is the specific forma-
tion rate of product (1/day). In fact, according to Eqn (5),
dCP/dt < YPX dCX/dt (when CX → 0), ie YPX = dCP/dCX;
mPX = 1/CX dCP/dt when dCX/dt = 0, ie the concentration of
cells arrives at the maximum value, the cells cease to grow,
so the non-growth-associated part is often considered to be
related to maintenance functions of cells.

Substrate consumption model: The most widely
used substrate consumption model can be expressed as:

−
dCS

dt
=

1
YXS

dCX

dt
+

1
YPS

dCP

dt
+ mSXCX (8)

In this study, a Monod-type expressionCS/KSA + CS was
employed to describe the autoinhibition of substrate itself.
Eqn (8) can be written as:

−
dCS

dt
=

CS

KSA + CS

S 1
YXS

dCX

dt
+

1
YPS

dCP

dt
+ mSXCXD (9)

which is used as glucose consumption model.CX,CP,CS are
the same as above.KSA is the autoinhibition constant of
glucose.YXS is the instantaneous yield coefficient of cells
on glucose (g g−1) (YXS = −dCX/dCS, when CX → 0 and
dCP/dt = 0). YPSis the instantaneous yield coefficient of pro-
duct on glucose (g g−1) (YPS= −dCP/dCS, when CX → 0
and dCX/dt = 0). mSX is the specific consumption rate of
glucose (1/day). In fact, mSX = −1/CX dCS/dt, when
dCX/dt = dCP/dt = 0, ie the concentrations of cell and pro-
duct arrive at the maximum values, the cell and product
cease to accumulate, so the parameter is also considered to
be related to the maintenance functions of cells.

Consequently, an unstructured kinetic model
(Eqns (4),(7),(9)) for phycocyanin production by mix-
otrophic cultivation of the microalgaSpirulina platensisis
proposed in this work. This model contains 15 parameters,
which have important physiological meanings. Each one
exhibits a process-state during cultivation of the microalga.

Parameter estimations were performed using a Simplex
Search Method; the principal idea of this method is to
search the best value of the objective function in a space
of pointsPi which represent the feasible solutions. The first
point P1 is arbitarily selected as the starting point (base
point). The second pointP2 is chosen and compared with
P1. If P2 is found to be a better solution thanP1, thenP2

is selected as the new base point; if not,P1 stays as the
base point. This process is continued until the best
operating point is found. The details were described pre-
viously [27]. The starting values of model parameters were
determined by physiologically meaningful ranges.

Figure 1 Time courses of cell growth, glucose consumption and phyco-
cyanin formation forSpirulina platensisin batch mixotrophic culture.
(l, p, D) The experimental data for cell growth, glucose consumption
and phycocyanin production, respectively; (—) the calculated values.

Results and discussion

The changes in cell concentration and phycocyanin pro-
duction with cultivation time in batch and fed-batch cul-
tures are plotted in Figures 1 and 2. By fitting the experi-
mental data, the following kinetic models proposed in this
work were given:

For batch culture (without light influence term, for light
intensity is constant (I = 80)):

dCX

dt
=

1.4653CSCX

0.3138 +CS +
C2

S

96.8231

S1 −
CX

2.6278DS1 −
CP

0.3569D (10)

dCP

dt
= S0.3949

dCX

dt
+ 0.1108CXD

CSCP

0.0136 +CS +
C2

S

61.8611

S1 −
CP

0.3569D
(11)

Figure 2 Time courses of cell growth, glucose consumption and phyco-
cyanin formation forSpirulina platensisin fed-batch mixotrophic culture.
(l, p, D) The experimental data for cell growth, glucose consumption
and phycocyanin production, respectively; (—) the calculated values.
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−
dCS

dt
=

CS

0.9060 +CS

S 1
10.2063

dCX

dt
+

1
0.3782

dCP

dt
+ 0.1418CXD (12)

for fed-batch culture:

dCX

dt
=

0.8831CSCX

0.0972 +CS +
C2

S

64.3891

I
45.2466 +I

S1 −
CX

13.7520DS1 −
CP

0.7386D (13)

dCP

dt
= S1.8533

dCX

dt
+ 0.0062CXD

I
129.8042 +I

CSCP

0.0484 +CS +
C2

S

40.3680

S1 −
CP

0.7386D (14)

−
dCS

dt
=

CS

0.2982 +CS

S 1
4.0210

dCX

dt
+

1
0.7692

dCP

dt
+ 0.0014CXD (15)

The experimental data fitted the models quite well (for
batch culture r2 = 0.9940, for fed-batch r2 = 0.9928)
(Figures 1 and 2). Eqns (10) and (13) demonstrated that the
maximum specific growth rate was reached more slowly for
batch culture than fed-batch culture, because the velocity
indication parameter in batch culture (KS = 0.3138 g L−1)
was remarkably larger than that in fed-batch culture

Figure 3 Simulation curves from the presented model in this paper for the effect of a different light intensity mode on cell growth in fed-batch
mixotrophic culture.

(KS = 0.0972 g L−1). From Eqns (11) and (14) the instan-
taneous yield coefficient of product formation due to cell
growth (YPX = 1.8533 g g−1) in fed-batch culture was larger
than that in batch culture (YPX = 0.3949 g g−1); this means
that the ability of phycocyanin formation with the increased
cell concentration in fed-batch culture was greater than that
in batch culture.

Figures 3 and 4 show the simulated results of effects of
light intensity on cell growth and phycocyanin formation
in fed-batch culture using the developed model.

According to Figures 1–4, it follows that the maximum
cell concentration in the fed-batch culture with the variant
light intensity mode (10.2 g L−1) was 4.3-fold that in the
batch culture with the constant light intensity (2.38 g L−1),
and it was much higher than that reported so far in the
literature (1 g L−1 in outdoor culture [19]; 6.3 g L−1 in tubu-
lar photobioreactors [18]; 5.4 g L−1 by addition of protein
hydrolysate [14] and 2.1 g L−1 in mixotrophic culture [19]).
The phycocyanin concentration in the fed-batch culture
increased constantly as the growth proceeded to a
maximum value of approximately 0.795 g L−1 after
approximately 10 days of cultivation and then fell away
sharply, this might be due to nitrogen starvation as phyco-
cyanin could be used as a nitrogen storage compound by
S. platensis[2]. The resulting phycocyanin production in
the fed-batch culture with the variant light intensity mode
(0.795 g L−1) was about 3-fold that in the batch culture with
the constant light intensity mode (0.261 g L−1). The differ-
ence in cell and product overall yields is due to the com-
bined contributions of culture modes and light intensity.
When light intensity is fixed (I = 80), the maximum cell
concentration in the fed-batch culture (8.8683 g L−1) was
3.73-fold that in the batch culture (2.38 g L−1), and the
maximum phycocyanin concentration in the fed-batch
(0.6828 g L−1) was 2.62-fold that in the batch culture
(0.261 g L−1). When the culture mode is fixed (fed-batch
culture), the maximum cell concentration in the culture for
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Figure 4 Simulation curves from the presented model in this paper for the effect of a different light intensity mode on phycocyanin formation in fed-
batch mixotrophic culture.

I = 40 (6.2871 g L−1) was 1.93-fold that in the culture for
I = 320 (12.1488 g L−1), and the maximum phyocyanin
concentration in the culture forI = 40 (0.5421 g L−1) was
1.84-fold that in the culture forI = 320 (0.9969 g L−1). This
showed that both culture mode (batchvs fed-batch) and
light intensity play a role in affecting the mentioned overall
yields, and the effect of culture mode is greater than that
of light intensity.

Figures 3 and 4 demonstrate that the maximum cell con-
centration in this study was higher than that in the constant
light intensity modeI = 40 andI = 80, approached the level
at I = 180 or the variant light control modeI = 40+ 10 t and
80 + 10 t; and lower than the other modes. The maximum
phycocyanin concentration in this study was higher than
that in the constant light intensityI = 40, I = 80, and
I = 40 + 10 t, approached the level atI = 160 or the variant
light control modeI = 160+ 10 t, and lower than the other
modes. These indicated that a stepwise increase in light
intensity can be replaced by a constant light intensity mode;
lower light intensity (,80 mE m−2 s−1) produces the effect
of light limitation.

On the other hand, from Figures 3 and 4 it can also
be seen that for the constant light intensity mode, when
light intensity increases from I = 40mE m−2 s−1 to
I = 160mE m−2 s−1, cell concentration increased by 63%,
and the phycocyanin concentration increased by 6.7%;
while with the further increase of light intensity, up to
I = 320mE m−2 s−1, the cell concentration only increased by
12% and the phycocyanin concentration only increased by
1.8%. For the variant light intensity mode, when light inten-
sity changed fromI = 40 + 10 t (mE m−2 s−1, t = 1,2,%,13)
to I = 160+ 10 t (mE m−2 s−1, t = 1,2,%,13), cell concen-
tration increased by 17.2%, and the phycocyanin concen-
tration increased by 32.1%; while with the further increas-
ing of light intensity, up to I = 640+ 10 t (mE m−2 s−1,
t = 1,2,%,13), the cell concentration only increased by

11.9% and the phycocyanin concentration only increased
by 24.9%. These suggested that higher light intensities
(.160mE m−2 s−1) result in photoinhibition.

Thus the optimal light intensity for mixotrophic growth
of S. platensisin fed-batch culture using a 3.7-L bioreactor
was 80|160mE m−2 s−1, and the stepwise increased light
intensity mode could be replaced by a constant light inten-
sity mode.
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