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� Better results were obtained in the
factors selection stage by GA.
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� Culture in an air-lift bioreactor is
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An optimal medium to culture Chlorella sp., microalgae capable of storage intracellular lipids was obtained.
This culture medium consists of a saline base plus carbon-energy and nitrogen sources. Significant factors
exerting influence on the culture parameters were selected. Then, by applying response surface method-
ology coupled to desirability function, an optimal formulation, specific for the heterotrophic growth of
Chlorella sp. that allows maximizing lipid concentration was obtained. During the experimental verifica-
tion, the possibility of replacing commercial glucose by hydrolysates obtained from lignocellulosic
materials was evaluated. Biochemical hydrolysate of corn bran allowed obtaining important improve-
ments in lipid concentration. Finally, the optimal formulation was evaluated in an air-lift bioreactor
performing a fed-batch culture. Culturing the strain in these conditions allowed rising lipid concentrations.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Biodiesel is chemically formed by the transesterification of
short-chain fatty acids with short chain monoalcohols like metha-
nol or ethanol. Fatty acids are obtained, mainly from vegetable oils
and animal fats, which constitute the raw material for the produc-
tion of this biofuel. Biodiesel has many advantages such as renew-
ability, biodegradability, non toxicity, zero net emission of carbon
dioxide or sulphur to the atmosphere (Vicente et al., 2004).

In the biodiesel production processes, raw material is repre-
sented mainly by oleaginous vegetable crops, which contribute to
the ecological consolidation of this biofuel since plants fix atmo-
spheric carbon dioxide in order to use it as a nutrient. However,
there are many problems related to the distraction of nutritious
resources and the impoverishment of farmlands.
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One alternative to the use of oleaginous vegetables for the pro-
duction of biodiesel is the employment of oleaginous microorgan-
isms, like microalgae, which have high biomass production, high
photosynthetic efficiency, fast grow, capacity to adapt to different
environments, and do not require farmlands, in contrast with dif-
ferent oleaginous vegetable crops.

Chlorella is a microalgae gender which can grow photoautotro-
phically, mixotrophically or heterotrophically, and its fatty acid
profile, like other microalgae, is suitable for biodiesel production
(Feng et al., 2011). Photoautotrophic growth is considered as the
most desirable method for growing microalgae, in which the sun-
light is employed as an always available and free energy source
(Azma et al., 2011; Bellou and Aggelis, 2012). Moreover, the photo-
synthetic efficiency of microalgae is substantially higher than that
of plants (Bitaubé Pérez et al., 2008). However, autotrophic growth
presents two main problems: the first one is the light supply, since
as the culture gets denser, light penetration reduces drastically,
lowering biomass productivity and lipid content; and the second
one are the challenges in the design of culture systems (photobior-
eactors), which has not been resolved until now in order to reach
commercial productions in the biofuels area (Cheng et al., 2009).

In comparison with the photoautotrophic culture, the hetero-
trophic one allows the microalgae to accumulate a higher propor-
tion of lipids in less time, which makes the scale up easier.
Interestingly, the intracellular lipid production is critically affected
by the carbon/nitrogen ratio (Cheng et al., 2009).

Regarding the process economy, the carbon source represents
the 80% of the total cost of the culture medium (Cheng et al.,
2009). There are two main tendencies to reduce the cost that im-
plies the formulation of a heterotrophic culture: the first one is
the replacement of glucose for cheaper carbon sources, which
may be obtained from waste materials, produced in large quanti-
ties by diverse industries all around the world. The second
tendency is the use of mixotrophic cultures, in which photosynthe-
sis is the main energy source, but both an organic compound and
carbon dioxide are essential. There is a subtype of mixotrophy
called anphitrophy in which organisms are capable of living auto-
trophically or heterotrophically, depending on the concentration
of the organic compounds and the available light intensity (Mata
et al., 2010). These strategies would allow biodiesel to rise as a
renewable energy source capable of competing economically with
fossil diesel.

In the present study, the composition of a culture medium for
Chlorella sp. was defined. Its composition was based upon the Bold
3 N medium. Taking into account that this medium is specific for
the growth of Chlorella in autotrophy, an organic carbon source
was added to the original formulation.

The first step consisted in evaluating the influence of different
factors on biomass growth and lipid accumulation through the
application of a Plackett–Burman design and a genetic algorithm
based routine (Giordano et al., 2011). After, in the optimization
step, by the application of response surface methodology, it was
possible to obtain a culture medium formulation that guarantees
the maximization of lipid accumulation.

Later, the culture medium formulation was evaluated by replac-
ing glucose for carbon sources obtained from the hydrolysis of
waste materials which were studied in a previous published work
(Giordano et al., 2013), obtaining significant rises in lipid accumu-
lation, regarding the formulation containing glucose, fact that con-
firms the viability of replacing traditional carbon sources by others
that are not conventional and have low cost.

Finally, the obtained formulation was evaluated in an air-lift
bioreactor obtaining remarkable results. The cost of manufacture
is one of the major bottlenecks in the large scale biofuels produc-
tion (Meng et al., 2009). Liang (2013) identified the carbon-energy
sources and bioreactor design as two of the major areas linked to
microalgae biofuel cost. In air-lift bioreactors, the power require-
ment comes only from the air supply with a low energy input com-
pared to the traditional stirred tank bioreactors.
2. Methods

2.1. Microalgae strain

Chlorella sp. (UTEX 1822) strain was acquired from the Culture
Collection of Algae, Texas University (Austin, Texas, EE.UU.). The
strain was grew autotrophically and axenically in Bold 3 N medium
and stored at 20 �C in a growth chamber with photoperiod
(13.7 lEm�2 s�1 of luminic intensity) of 18 h of light: 6 h of dark-
ness, renewing the culture each 15 days.

2.2. Reagents and culture media design

To evaluate the influence of different factors in lipid accumula-
tion, a Plackett–Burman design (PB) was built. After that, and in or-
der to obtain an optimal combination of the most important factors,
a central composite design (CCD) was constructed. The culture
media combinations suggested by these designs were obtained
combining different volumes of the corresponding stock solutions
and then, adding distilled water until a volume of 10 mL was
reached. The pH was adjusted at 6.2 adding NaOH 1 mol L�1 or
HCl 1 mol L�1, when it was necessary. Then, the media were steril-
ized at 121 �C for 15 min.

All culture media suggested by the mentioned experimental de-
signs were composed of a saline base similar to that of the Bold 3 N
medium (in g L�1): CaCl2.2H2O 0.025, MgSO4.7H2O 0.074, K2HPO4

0.075, KH2PO4 0.175, NaCl 0.025 and 6 mL�1 of trace metals solu-
tion, whose composition was (in g L�1): Na2EDTA.2H2O 0.750,
FeCl3.6H2O 0.097, MnCl2.4H2O 0.041, CoCl2.6H2O, 0.002 and
Na2MoO4.2H2O 0.004. With the aim of fulfil the formulations sug-
gested by the experimental designs, ZnSO4, CuSO4, carbon source
(glycerol or glucose) and nitrogen source (KNO3 or yeast extract)
were added to the saline base. All reagent solutions were prepared
by dissolving the corresponding solids in distilled water, with the
exception of glycerol, which was prepared diluting a volume of it
in distilled water.

2.3. Inoculum preparation and culture conditions

Inoculum culture consisted in 9 mL of sterile Bold 3 N medium
and 1 mL of microalgae culture grown at 20 �C, all contained in a
50 mL T flask. After 10 days of incubation at 20 �C, Erlenmeyer
flasks containing each 10 mL of culture medium corresponding to
the combinations suggested by PB or CCD, were inoculated with
an aliquot obtained from the inoculum culture so as to obtain an
initial density of 5 � 105 or 1 � 106 cells mL�1, according to the
designs. Then, all cultures were incubated at 30 �C, in static or agi-
tated (150 rpm) conditions, according to the designs. The culturing
period lasted 10 days.

In a further step, cultivation in an air-lift bioreactor was per-
formed. The external tube was set as the downcomer, with a diam-
eter of 3.8 and 35.5 cm height; the internal tube was set as the
riser, with a diameter of 2.8 and 21.0 cm height; the sparger was
set at 2.5 cm from the reactor base. The bioreactor contained
300 mL of culture medium (liquid height: 29 cm); at days 5 and
13, 25 and 40 mL of fresh culture medium were fed, respectively.
Oxygen was supplied through a rising air flow, which was initiated
at 0.33 vvm and reached to 0.66 vvm. Besides the sparger port, the
bioreactor had three other ports. One of them was the air outlet,
which was bubbled in a 5% V/V bleach solution; the second one
was the inoculation-feeding port and the last one, the sampling
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port. Temperature was controlled at 26 ± 2 �C. The culture lasted
15 days and samples were collected each 2 days to determine glu-
cose and lipid concentrations, and cellular density. The complete
system employed, including the air-lift bioreactor to culture the
microalgae consisted of a recipient containing bleach solution,
air-lift bioreactor, feeding and sampling systems. The bioreactor
was covered with aluminium foil to achieve the darkness for het-
erotrophic culture condition.

In a previous stage, before the culture, the bioreactor was char-
acterized determining mixing time (tm) and the volumetric mass
transfer coefficient (KL.a) at flow speeds from 50 to 400 mL min�1.
For the determination of KL.a, the gassing-out method was em-
ployed (Wise, 1951), which consists in determining the dissolved
oxygen concentration present in the liquid during aeration through
the sparger as a function of the time, after degassing it with a nitro-
gen flow. A sensor for dissolved oxygen (Hamilton, Bonadz, Swiss)
was employed for this determination.

Eq. (1) is a mathematical representation of oxygen transfer rate:

OTR ¼ dC=dt ¼ KL:a� ðC� � CÞ ð1Þ

where OTR stands for oxygen transfer rate from gas phase to liquid
phase; KL is the mass transfer coefficient; a represents the interfa-
cial area; C⁄ is the saturating oxygen concentration present in the
liquid phase in equilibrium with gas phase; and C is the oxygen con-
centration present in the liquid at a determined moment.

Eq. (2) is obtained by solving Eq. (1):

ln½ðC� � CÞ=ðC� � C0Þ� ¼ �KL:a� t ð2Þ

Then, when plotting ln[(C⁄ � C)/(C⁄ � C0)] as a function of time
(t), a straight line is obtained which slope is KL..a.

In what respects to mixing time, it was determined filling the
bioreactor with H2SO4 6 mM (pH of 2.2). Once the aeration was ini-
tiated, NaOH 2 M (2.4 mL) was added so as to raise the pH up to a
value near to 12.2. Alkali injection times were of 1 s. Mixing time
was defined as the time employed by the system to raise pH from
2.2 up to 12.2.

2.4. Analytical

Once the culture period was concluded, biomass was spectro-
photometrically quantitated by determining optical density at
682 nm (OD682 nm). After, the value obtained was correlated with
a cellular density value through the construction of a calibration
curve.

In a further step, lipid concentration was fluorimetrically ob-
tained by employing Nile Red dye. This dye operates as a liposolu-
ble fluorescent probe because when it interacts with hydrophobic
molecules (lipids, lipoproteins or proteinic hydrophobic domains),
characteristic excitation and emission spectra are obtained (Chen
et al., 2011).

The protocol for the dosage of lipid concentration consisted in
adding 10 lL of dye solution (1 lg mL�1) to 700 lL of cellular
suspension, and after 2 min the emission was registered. The exci-
tation and emission wavelengths were 530 and 586 nm, respec-
tively. The emission intensity of a blank test was subtracted to
each sample fluorescence intensity value obtained. All determina-
tions were done by triplicate. Sunflower oil diluted in a water:
isopropanol 80:20 V/V was used as a standard in order to build a
calibration curve (range of linearity: 0–1000 ppm) which allows
to relate lipid concentration and fluorescence intensity.

Glucose concentration was determined with a HPLC (Shimadzu,
Kyoto, Japan) equipped with a refraction index detector RID-10A
(Shimadzu, Kyoto, Japan) and an Aminex HPX-87C (250 � 4 mm)
(Bio-Rad, Hercules, CA, EE.UU.) column operating at 67 �C with
ultrapure water as mobile phase, flow speed was 0.5 mL min�1.
Injection volume was 20 lL, and both samples and glucose
standards (prepared in situ at the moment of performing the
analysis) were filtered through 0.45 lm membranes (Millipore,
Billerica, USA). This methodology was optimized and carried out
at the Laboratorio de Microbiología, Facultad de Química de la
Universidad de la República, Montevideo, Uruguay.

Specific growth rate (l) corresponding to the exponential
growth phase was calculated according to Eq. (3):

l ¼ ðln X2 � ln X1Þ
ðt2 � t1Þ

ð3Þ

where X2 and X1 are cellular densities (cells mL�1) obtained at times
t2 y t1, respectively.

With the aim of determining cell specific oxygen uptake (qO2)
corresponding to Chlorella sp. strain employed in this study, such
strain was heterotrophically cultured in the optimal culture formu-
lation for 72 h. After, oxygen concentration present in the culture
(isolated from the outer atmosphere) was determined at regular
periods of time. Then, a curve to relate oxygen concentration and
time was built, and the curve slope (Q) was obtained. qO2 was cal-
culated according to Eq. (4):

qO2 ¼ 0:079Q X�1 ð4Þ

where X is the cell concentration (cells L�1) employed and 0.079
(ppm%�1) a conversion factor. This factor was obtained from Eq.
(5) (Pirt, 1975):

C� ¼ 14:16� 0:3943T þ 0:007714T2 � 0:0000646T3 ð5Þ

where C⁄ is the dissolved oxygen concentration at saturation condi-
tions, expressed as ppm, and T is temperature expressed in degrees
Celsius (26.7 �C in this study).

For the days in which sampling was done, corresponding dis-
solved oxygen concentration present in the air-lift reactor was cal-
culated by employing Eq. (6):

C ¼ C� � qO2Xt

KL:a

� �
ð6Þ

where qO2 is the oxygen consumption specific speed and Xt is the
cellular density at t time.
3. Results and discussion

3.1. Factors screening phase

In order to evaluate the incidence of different factors on lipid
accumulation by Chlorella sp. cells, a PB consisting in 12 experi-
ments was built. Classical analysis and that based on genetic algo-
rithms were implemented once the values of the responses were
obtained: lipid concentration (L) and cellular density (X) (Giordano
et al., 2011).

The significance of eight different factors: initial cellular density
(X0), stirring (S), nitrogen source type (NS), carbon source type (CS),
carbon source/nitrogen source ratio (CN) (grams of carbon source/
grams of nitrogen source), and carbon source (CC), ZnSO4 (Zn) and
CuSO4 (Cu) concentrations, was evaluated. Table 1 shows the
twelve experiments corresponding to PB and the obtained values
for L and X.

The number of experiments given by a PB is not enough to solve
the complete system of equations corresponding to more than four
factors. Then, the classical analysis may estimate the parameters
corresponding to main factors which may be confounded with
the terms corresponding to factors interactions. This fact could
be translated in potentially incorrect results concerning coeffi-
cients significance. For details of this problem see the work pub-
lished by Giordano et al., 2011.



Table 1
Plackett–Burman design built to evaluate the factors significance in Chlorella sp. cultures.

Run Factors Responses

X0 (�106 cells mL�1) S NSa CSb CN CC (g L�1) Zn (mg L�1) Cu (mg L�1) L (ppm) X (�106 cells mL�1)

1 0.50 0 YE Glc 10.00 5.00 0.20 0.10 15.00 10.25
2 1.00 150 PN Glc 10.00 5.00 1.00 0.10 30.55 64.38
3 0.50 0 PN Glc 20.00 25.00 0.20 0.30 33.18 13.80
4 1.00 150 YE Gro 20.00 25.00 0.20 0.10 17.91 2.89
5 0.50 150 PN Glc 20.00 25.00 1.00 0.10 34.37 20.95
6 1.00 0 PN Gro 10.00 25.00 1.00 0.30 15.40 1.04
7 1.00 150 YE Glc 10.00 25.00 0.20 0.30 16.92 0.80
8 0.50 150 PN Gro 10.00 5.00 0.20 0.30 11.47 0.33
9 1.00 0 PN Gro 20.00 5.00 0.20 0.10 10.69 0.87
10 0.50 150 YE Gro 20.00 5.00 1.00 0.30 9.59 1.16
11 1.00 0 YE Glc 20.00 5.00 1.00 0.30 14.69 11.68
12 0.50 0 YE Gro 10.00 25.00 1.00 0.10 10.41 1.81

a YE: yeast extract, PN: potassium nitrate.
b Glc: glucose, Gro: glycerol.
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When applying quadratic least squares (QLS), the models terms
were obtained, and then the root mean square error for QLS anal-
ysis (RMSE0) was calculated for each of the responses. In the case
of the analysis based in genetic algorithms (GA), an initial popula-
tion was built, root mean square error for GA analysis (RMSE) for
each response was calculated, models were hierarchisized and
the best of them was obtained. Finally, the values of determination
coefficients (R2) were compared so as to decide which of both anal-
yses originated a model which better explains the variability in the
responses.

Following, it is described and compared data obtained by apply-
ing both classical analysis and that based upon GA in what refers to
the significance of the studied factors.

Regarding to X response, by applying classical analysis, only CS
was significant with a p-value of 0.066 exerting a negative effect.
R2 for this model resulted to be 0.298, indicating a very poor fit.
However, by GA based analysis, three factors and one interaction
were significant: NS (p = 0.049), CS (p = 0.042) and Cu (p = 0.046)
had a negative effect over the response while the interaction CS/
CC (p = 0.089) evidenced a contrary effect. R2 was 0.876, then an
88% of system variability could be explained by the model, repre-
senting an improvement of 193.9% compared to the QLS model.

Turning the attention to L response, through classical analysis,
NS (p = 0.014), CS (p = 0.003) and CC (p = 0.059) were found as sig-
nificant factors. Both NS and CC exerted a positive effect over the
response, while CS generated the opposite effect. The R2 corre-
sponding to the model was 0.801, representing a very good fit of
the response.

On the other hand, when the GA based analysis was applied to
the data corresponding to L response, NS (negative effect), CS (po-
sitive effect) and CC (positive effect) resulted to be significant with
p-values of 1.6 � 10�4, 2 � 10�5 and 0.008, respectively. Moreover,
there were two interactions which also were significant: NS/CS
(p = 6.6 � 10�4) and CN/CC (p = 0.077), exerting negative and posi-
tive effects over the response, respectively. The value of R2 corre-
sponding to the model resulted to be 0.978, improving 22.1% the
response fit, in comparison with the classical analysis.

Consequently, if factors selection would have been done only by
means of the classical analysis, Cu would have not been considered
as significant. Furthermore, in the case of X response, the fit ob-
tained by the application of classical analysis was very poor since
it was only CS identified as significant. The analysis based in GA al-
lowed identifying, besides CS, NS and Cu as significant factors, 1
interaction between CS and CC which was also significant.

In the case of L response, the information obtained after the
application of any of both analysis allows to obtain similar conclu-
sions to those obtained in the case of X response since the same
three factors were identified as significant, although the addition
of two significant interactions allowed obtaining a higher determi-
nation coefficient if the analysis is performed with the GA based
analysis.

Considering the significance of factors, initial cellular density
did not have significant effect over none of the responses. Then,
at least for 10 days of incubation, half an order of difference in
the inoculum does not have major influences on the responses
values.

Stirring resulted to be another factor that has no influence over
none of the responses. This could be explained by the fact that the
culture volume employed in this study avoided that physico-
chemical gradient was significant (Wu and Shi, 2007).

The third factor that also did not show influence over the re-
sponses was zinc sulphate concentration. Huang et al., 2009 de-
scribed that a ZnSO4 concentration between 0.6 and 1.0 mg L�1

allowed obtaining an important lipid accumulation in Chlorella vul-
garis and Chlorella pyrenoidosa cells. In this study, that effect was
not evident at least for the range between 0.2 and 1.0 mg L�1,
which could be explained by the fact that different media formula-
tions were used, in comparison with the study purchased by Huang
et al., 2009.

The type of nitrogen source exerts a negative effect over both
responses, indicating that both lipid storage and biomass growth
are favored when the nitrogen source present in the culture med-
ium is yeast extract and not potassium nitrate. Xiong et al., 2008
obtained similar results when formulating culture media to grow
Chlorella prototecoides with different inorganic (KNO3 and NH4NO3)
and organic (urea, yeast extract and glicine) nitrogen sources. Anal-
ogously, Li et al., 2011 obtained a higher lipid storage and biomass
growth by including casein as nitrogen source in the formulation of
a culture medium for Chlorella minutissima, when compared with
other nitrogen sources such as urea, KNO3 and (NH4)2SO4. This
preference for yeast extract at the expense of other nitrogen
sources may be the fact this nitrogen source provides several com-
pounds like vitamins, aminoacids and trace elements which are
useful for microalgae (Losen et al., 2004).

The kind of carbon source also exerts significant negative effects
over both responses. Then, lipid and biomass generation are more
favored by culture media formulations containing glucose instead
of glycerol. The carbon source mostly used for the growth of mic-
roalgae is glucose (Chen, 1996). Azma et al. (2011) evaluated glu-
cose and sodium acetate as carbon sources for culturing
Tetraselmis suecica, obtaining better results with glucose, while
Isleten-Hosoglu et al., 2012 developed specific culture media for
Chlorella saccharophila in which the carbon source was composed
of different proportions of glucose and glycerol, and confirmed that



Table 2
Central composite design built to find the optimal conditions for lipid storage in
Chlorella sp. cultures.

Run Factors Responses

CC (g L�1) CN Cu (mg L�1) L (ppm) X (�106 cells mL�1)

1 40.88 41.89 0.20 40.09 25.00
2 27.50 10.00 0.50 18.15 24.59
3 27.50 30.00 0.50 24.76 16.59
4 14.12 18.11 0.20 23.38 28.27
5 27.50 30.00 0.00 37.04 20.47
6 27.50 30.00 1.00 37.34 14.29
7 14.12 41.89 0.20 18.67 21.11
8 40.88 41.89 0.80 37.51 12.90
9 27.50 30.00 0.50 20.73 20.13
10 14.12 41.89 0.80 26.32 23.05
11 27.50 30.00 0.50 16.20 16.86
12 5.00 30.00 0.50 13.39 11.79
13 40.88 18.11 0.20 22.78 13.75
14 27.50 30.00 0.50 21.15 17.38
15 27.50 50.00 0.50 30.92 16.56
16 50.00 30.00 0.50 28.67 16.49
17 40.88 18.11 0.80 28.65 15.79
18 14.12 18.11 0.80 12.34 23.23
19 27.50 30.00 0.50 19.46 21.04
20 27.50 30.00 0.50 19.49 17.28
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glucose was better than glycerol, supporting the results obtained in
this study. This suggests that microalgae cells prefer glucose at the
expense of other carbon sources, which is one of the most impor-
tant components in lipid synthesis (Huang et al., 2009).

In the case of L response, interaction NS/CS was significant, and
this could be explained by the fact that both carbon and nitrogen
have a very important incidence in lipid storage. Then, by varying
the quality of the sources of these macronutrients, it may be ex-
pected that lipid concentration could be affected (Li et al., 2008).

Cu factor was only significant in the case of X response, having a
negative effect over it. This effect may be explained taking into ac-
count that at the evaluated concentrations, copper can be toxic for
microalgae cells (Cordero et al., 2005). Contrary to what was de-
scribed by Huang et al. (2009), who described an increment in lipid
storage in C. vulgaris and C. pyrenoidosa cells when increasing
CuSO4 concentration in the culture medium from 0.1 to 0.3 mg L�1,
that effect was not observed in this study.

CC factor and its interaction with CN were significant for L re-
sponse, while its interaction with CS was significant for X response,
exerting positive effects in all cases. It is expected that carbon
source concentration has a positive effect since microalgae employ
such source to synthesize biomass and lipids (Cheng et al., 2009).
In another similar study, Feng et al. (2005) found that a rise in glu-
cose concentration has a positive influence on lipid storage by
Chlorella sp. cells. As it was stated previously, both carbon and
nitrogen have a highly incidence on lipid storage, and that is why
CN factor significantly influences over lipid concentration. Both
Cheng et al. (2009) and Turcotte and Kosaric (1989) have described
that a high carbon-to-nitrogen ratio allows obtaining high lipid
concentrations. Moreover, a low nitrogen concentration in the
medium activates lipid storage in cells and contributes to their
accumulation during the growth stationary phase (Turcotte and
Kosaric, 1989).

As a conclusion, the factors to be taken into account in the opti-
mization phase are carbon-to-nitrogen ratio, and the concentra-
tions of both carbon source and copper sulphate. Even though
both the type of nitrogen source and the type of carbon source re-
sulted to be significant, in the optimization step they will be fixed
at their low values, owing to they are categorical factors. Then, the
nitrogen source to be employed will be yeast extract and the car-
bon source will be glucose. This is due to the fact that both factors
exert negative effects over both responses. As regards the factors
that resulted to be non significant, they will also be fixed at their
low levels, meaning that initial cellular density will be 5 � 105

cells mL�1, cultures will not be stirred and the zinc sulphate con-
centration will be fixed at 0.2 mg L�1.

3.2. Optimization stage

Once being identified the significant factors in Chlorella sp. cul-
tures, a CCD consistent in 20 experiments was built. The factors in-
cluded in this design were the following: carbon source
concentration (5–50 g L�1), carbon source/nitrogen source ratio
(10–50) and copper sulphate concentration (0.0–1.0 mg L�1).

All cultures were developed in static conditions for 10 days,
with an initial cellular density of 5 � 105 cells mL�1, glucose as car-
bon source, yeast extract as nitrogen source and 0.2 mg L�1 of zinc
sulphate.

Table 2 shows the 20 factors combinations suggested by the
central composite design and final values of L and X responses, ob-
tained for each of the combinations.

Previous to the data analysis by means of QLS, the value of cel-
lular density corresponding to experiment number 8 was excluded
from further analysis since it was detected as an outlier by the
application of a DFFITS (difference between fitted values test) test.
This test computes a standardized value (it can be seen as a certain
number of standard deviation units) to measure the influence that
each point exerts over the predicted value. When this standardized
value exceeds a certain limit, it is awarded to the fact that the
experiment has a disproportionate influence over the model,
suggesting that this value, in particular, is atypical (Myers and
Montgomery, 1995).

Thus, the obtained results were: both responses were adjusted
with cubic models, whose associated probability values were
<1 � 10�4 and 0.013, for L and X responses, respectively. Concern-
ing the lack of fit, in none of the 2 cases, was significant, indicating
the high reliability of the models, and that they may be employed
for predictions. Eqs. (7) and (8) are mathematical representations
of both models:

y1 ¼ 63:82� 1:17x1 � 1:18x2 þ 0:05x1x2 þ 62:23x2
3

� 0:07x1x2x3 ð7Þ
y2 ¼ 132:50� 7:05x2 � 44:41x3 þ 2:05x1x3 þ 1:74x2x3

� 0:09x1x2x3 � 3x10�3x1x2
2 ð8Þ

where y1 and y2 are L and X responses, respectively, and x1, x2 and x3

are CC, CN and Cu factors, respectively. Only significant factors have
been included in the equations. R2 values obtained were 0.941 and
0.833 for L and X responses, respectively, indicating that the models
explain a high percentage of the system variability. Table 3 resumes
the exposed results, obtained by applying ANOVA to the data ren-
dered by the experimental design developed.

By analyzing the mathematic models, it can be checked that the
three tested factors were significant for both responses. By looking
at Fig. 1 it may be elucidated the individual and mutual effects of
factors over the responses. As it is shown in Fig. 1, when Cu is
0 mg L�1, cellular density rises when CC increases, but this effect
is reverted when Cu rises. A similar behaviour was observed with
CN when varying CC, since when this factor takes lower values, cel-
lular density reaches its maximum for extreme values of CN, but
when CC rises, cellular density only increases for medium values
of CN. Concerning lipid concentration, the three factors have posi-
tive effects over the response, meaning that at higher concentra-
tions of Cu and CC, and higher values of CN, lipid concentration
is expected to reach the maximum value.



Table 3
Statistical results obtained by applying an ANOVA test to the data.

Statistical parameter L (ppm) X (�106 cells mL�1)

Adjusted modela Cub Cub
p-Modelb <1 � 10�4 (S) 0.013 (S)
p-Lack of fitc 0.602 (NS) 0.174 (NS)
R2 0.941 0.833

a Cub: cubic.
b S: significant.
c NS: non-significant.
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The marked effect of copper sulphate concentration over lipid
concentration may be explained by the fact that copper is a cofac-
tor of the enzymes which are responsible for lipid synthesis
(Huang et al., 2009). The negative effect that copper sulphate con-
centration exerts over cellular density may be due to a toxic effect
caused by this metal over microalgae cells (Cordero et al., 2005).

Both carbon concentration and carbon source/nitrogen source
ratio exert positive effects over lipid concentration, which is in
agreement with the results reported by Cheng et al., 2009 and
Turcotte and Kosaric, 1989, who described that a high carbon-
to-nitrogen ratio derives in a lack of nitrogen, which allows
obtaining higher concentrations of lipids. Moreover, carbon is
one of the raw materials for lipid synthesis.
Fig. 1. Response surfaces corresponding to cellular density and lipid concentration as a
source (A and C, respectively), and as a function of concentrations of carbon source an
constant in its medium value.
Regarding cellular density, carbon source concentration and
carbon source/nitrogen source ratio, not only have individual ef-
fects but they also interact between them to influence the response
value. Copper sulphate concentration, as well, participates in inter-
actions, but, depending on the factor level, the effect of other fac-
tors varies. It is worth to mention that cellular growth depends
on the balance between carbon and nitrogen, since both elements
are necessary for the formation of algal material and to maintain
the cellular division rate; at high and low concentrations they
may cause the cessation of growth because of a high osmotic pres-
sure or nutrients scarcity, respectively (Azma et al., 2011; Cheng
et al., 2009).

The next step was the application of the global desirability func-
tion (D) in order to obtain the optimal combination of factors val-
ues that guarantee the fulfilment of the requirements set. Table 4
resumes the used criteria at the time of applying the desirability
function. It was tried to minimize the cellular density so as the
nutrients were destined mainly to lipid generation. As a result,
the optimal combination suggested was: CC 33.30 g L�1, CN 33.10
and Cu 1.00 mg L�1, and the corresponding predicted values for
both responses were: L 40.88 ppm and X 1.41 � 107 cells mL�1,
with D = 0.944.

With these results, it can be concluded that the complete for-
mulation of the culture medium that would guarantee a good lipid
function of the carbon source/nitrogen source ratio and the concentration of carbon
d copper sulphate (B and D, respectively). For all figures, the third factor was kept



Table 4
Criteria used in the optimization of multiple responses.

Factors and responses Optimization criterion Lower limit Upper limit

CC (g L�1) In range 5.00 50.00
CN In range 10.00 50.00
Cu (mg L�1) In range 0.00 1.00
L (ppm) Maximize 11.79 28.27
X (�106 cells mL�1) Minimize 12.34 40.09
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storage would be the following (in g L�1): glucose 33.25, yeast ex-
tract 1.00, NaCl 0.43, KH2PO4 0.175, K2HPO4 0.075, MgSO4 0.036,
CaCl2.2H2O 0.025, plus ZnSO4 0.20 mg L�1, CuSO4 1.00 mg L�1 and
6 mL L�1 of a trace metals solution.

3.3. Experimental verification

The optimal factors combination was experimentally evaluated.
The microalgae strain was cultured in three culture media which
composition corresponded to the optimal formulation described
in the previous section. In the same way, the microalgae was cul-
tured, by triplicate, in four different additional culture media,
which differed from the optimal formulation that instead of includ-
ing commercial glucose as a carbon source, they included acid or
enzymatic hydrolysate of two lignocellulosic materials: corn and
wheat bran. The methods to hydrolyze these materials were devel-
oped and studied in a previous work (Giordano et al., 2013). This
was developed in order to evaluate if it is viable to replace com-
mercial glucose by non conventional glucose, which does not gen-
erates conflicts with human feed issues. The formulations that
contained acid and enzymatic hydrolysate of wheat bran were
named as AHWB and EHWB, respectively, while the ones contain-
ing acid and enzymatic hydrolysates of corn bran were named as
AHCB and EHCB, respectively. Table 5 resumes the predicted (only
for the optimum formulation) and experimental values for lipid
concentration and cellular density.

From the experimental data obtained with these experiments, it
can be concluded that the combination predicted as optimum
through the application of the desirability function effectively al-
lows maximizing the lipid storage in Chlorella sp. cells. Moreover,
it can be confirmed the suitability of the obtained models to de-
scribe the studied process, mainly for L response.

If the attention is turned to the culture media in which the car-
bon source was a hydrolysate instead of glucose, similar results
were obtained except in one case. In AHWB, EHWB and AHCB, lipid
concentrations between 7.7 and 11.7 ppm were obtained, i.e. 67–
78% less than the optimum formulation, and the obtained cellular
densities represent 8–24% of that obtained in the optimum formu-
lation. In the case of media formulated with acid hydrolysates, is
likely that they contain cellular growth inhibiting compounds like
5-hydroxymethilfurfural and furfural, generated during the hydro-
lysis process, as a consequence of glucose and xylose degradation,
respectively (Sun and Cheng, 2002).

The only exception was the EHCB medium, for which 90% more
biomass and 372% more lipids were obtained. This fact confirms
Table 5
Predicted and experimental responses values for the tested media

Culture medium formulation L (ppm)

Predicted E

Optimal 40.9 3
AHWB – 9
EHWB – 7
AHCB – 1
EHCB – 1
that the replacement of glucose for enzymatic hydrolysate of corn
bran, not only is viable but also it allows improving significantly
the lipid storage in Chlorella sp. cells. Yan et al., 2011 also reported
improvements both in algal biomass and lipid storage when cultur-
ing C. prototecoides cells in media containing enzymatic hydroly-
sate of sweet sorghum juice, residual molasses and corn powder,
respectively. In addition, Cheng et al., 2009 informed that the
replacement of glucose for sugar cane juice hydrolysate was viable
in culture media for C. prototecoides, since they obtained similar
concentrations both of biomass and lipids. This could be due to
the fact that enzymatic hydrolysates contain beneficial compounds
for microalgae cells such as proteins and aminoacids, among oth-
ers. Nevertheless, for the case of EHWB, the inverse effect was
observed.
3.4. Culture developed in an air-lift bioreactor

Once the predicted values were verified for both responses, the
Chlorella sp. strain was cultured in an air-lift bioreactor, which was
characterised. Fig. 2 shows the evolution of tm and KL.a as a func-
tion of air flow (50, 100, 200 and 400 mL min�1). It can be observed
that when the air flow rises, so does the KL.a value, while the mix-
ture time diminishes, as it was expected.

The culture medium employed was the optimum formulation
obtained, and the total culturing time was 15 days, taking a sample
each 48 h in order to perform glucose, lipids and biomass quantita-
tion. Two feeds with sterile medium were performed in order to re-
establish the original culture volume (300 mL): at days 5 (25 mL)
and 13 (40 mL). Fig. 3 shows the evolution of cellular density and
the concentrations of glucose, lipids and dissolved oxygen as a
function of time for the culture of Chlorella sp. developed in the
air-lift bioreactor (blue arrows indicate sterile culture medium
feeds).

As it can be seen in Fig. 3, the microalgae grew exponentially
until day 5, the phase being characterized by a specific growth rate
of 0.73 d�1, value that is very close to 0.74 d�1 obtained by Ip and
Chen (2005) for Chlorella zofingiensis grown heterotrophically in a
culture medium containing glucose, but substantially lower than
0.92 d�1, informed by Shi et al. (2002) for C. prototecoides grown
in similar conditions. The value for l obtained in this study re-
sulted to be higher than that informed by Bhosale et al. (2006)
(0.25 d�1 for C. prototecoides) and Chiu et al. (2008) (0.23 d�1 for
Chlorella sp.) for autotrophic cultures, but lower than that informed
by Ip et al. (2004) (1.03 d�1 for C. zofingiensis grown in medium
containing glucose) for a mixotrophic culture.

At the end of the exponential growth phase, a cellular density
value of 1.8 � 107 cells mL�1 was reached, which represents a
14% less than what was obtained in cultures developed in Erlen-
meyer flasks. Then, on the one hand, at least during the batch
phase corresponding to the culture developed in an air-lift bioreac-
tor, the reduction of cellular density was achieved. On the other
hand, lipid concentration increased from day 1 to day 3, being con-
stant at day 5, moment at which the first feed was made with ster-
ile medium. Although the nutrients concentrations increased,
. Values in brackets stand for standard deviations.

X (�106 cells mL�1)

xperimental Predicted Experimental

5.7 (2.0) 18.1 21.5 (2.7)
.8 (0.7) – 5.2 (0.4)
.7 (2.4) – 4.3 (1.2)
1.8 (0.1) – 1.6 (0.3)
68.5 (33.4) – 40.8 (2.2)



Fig. 2. Evolution of tm and KL.a as a function of the air flow, obtained in the
characterization of an air-lift bioreactor.
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microalgae cells entered in a stationary phase and the cellular den-
sity registered a slight increment of 2.4 � 107 cells mL�1 between
days 5 and 13, but lipid concentration increased from 22 to
75 ppm, representing 110% increase in respect to that obtained in
10 mL static cultures. From day 11, lipid concentration declines,
probably due to that microalgae starts to consume them, which
is supported by the fact that between days 7 and 9 glucose concen-
tration does not decline while lipid concentrations does. Both
stationary phase and the decline in lipid concentration are not
reverted though a second feed made at day 13.

One possible explanation for the higher lipid storage at the
beginning of the stationary phase could be the nitrogen deficiency
or limitation, which may slow the synthesis rate of essential cellu-
lar structures like proteins and nucleic acids. Then, the incorpo-
rated carbon would be most converted into lipids (Turcotte and
Kosaric, 1989; Cheng et al., 2009).
Fig. 3. Evolution of cellular density and of glucose, lipids and dissolved oxygen concentrat
bioreactor. Blue arrows indicate sterile culture medium feed.
During the culture development, dissolved oxygen concentra-
tion estimated was never zero, consequently, it never existed an
anaerobiosis environment in any moment that could limit the
microorganism growth. Moreover, supposing that dissolved oxy-
gen concentration had been the only limiting substrate for growth,
the maximum reachable cellular density would have been
1.03 � 108 cells mL�1 (value obtained by making zero the term C
in Eq. (6)). However, the maximum value obtained for this param-
eter was 3.98 � 107 cells mL�1 at day 13, meaning that growth lim-
itation did not occur as a consequence of dissolved oxygen
deficiency, but for another reason, maybe for example, due to the
generation of some compound that could be toxic for Chlorella
sp. cells.
4. Conclusion

The developed medium could be a promising formulation for
culturing Chlorella with the aim of obtaining high lipid concentra-
tions. In addition, it was successfully scaled in an air-lift bioreactor,
and copper sulphate concentration was not set as a constant, like in
other works, and it was demonstrated that it exerts significant
influence on lipid storage.

The enzymatic hydrolysate of corn bran allowed obtaining sig-
nificant improvements both in lipid storage and algal biomass gen-
eration, confirming the viability of replacing traditional carbon
sources by other non conventional and of very low cost, which pos-
itively insides in process economy.
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