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ABSTRACT

Microalgae are capable of producing biomolecules that have a wide variety of applications in agriculture,
food industry, and medicine. In this study, three process variables are evaluated in order to determine
its incidence on biomass and exopolysaccharides production. The effect of light intensity, agitation and
carbon concentration on Scenedesmus obliquus (UTEX 393) growth and expolysaccaharides production is
evaluated using 2’ factorial design through the screening methodology. The simultaneous effect of level
variation for three different experimental variables is examined in the present study in three levels for
each parameter (Light intensity: 80, 130, 180 uE m™s™, Agitation: 0, 600, 1200 rpm, carbon concentration
0, 2, 4% v/v Air-CQ,). Specific growth rate and the exopolysaccharides concentration are the selected
response variables. Results show that the optimal conditions for the two response variables correspond
to the maximum levels of the three experimental variables (180 uE m™s™, 4% air-CQO,, and 1200 rpm),
obtaining a specific growth rate of 0.64 d"' and a exopolysaccharides concentration of 24.7 mg L. A
significant interaction between the variables is observed, which has direct effects on cellular growth
and exopolysaccharides production. The EPS production is facilitated by the turbulent flow (agitation
maximum level), which is associated with a higher availability and better distribution of energy sources
(light) and carbon dioxide. The validation of polynomials models verifies the relevance of the analysis
performed.
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RESUMEN

Las microalgas son capaces de producir biomoléculas que poseen diversidad de aplicaciones relacionadas
con la agricultura, alimentos y medicina. En la presente investigacion se evaldan tres variables de
proceso para determinar su incidencia e interacciones en la produccién de biomasa y exopolisacaridos.
El efecto de la intensidad de la luz, la agitacién y la concentracién de carbono sobre el crecimiento y la
produccién de exopolisaciridos en Scenedesmus obliquus (UTEX 393) es evaluada aplicando un disefio
experimental factorial 2° por metodologfa de Screening. Se evalta el efecto en simultineo de la variacién
de tres variables experimentales en tres niveles (Intensidad de luz: 80, 130, 180 uE m™ s™, Agitacién: 0,
600, 1200 rpm, concentracién de carbono: 0, 2, 4% v/v Air-CO,). El coeficiente especifico de crecimiento
y la concentracién de exopolisaciridos son las variables de respuesta seleccionadas. Los resultados
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muestran condiciones 6ptimas para las dos variables de respuesta en los niveles miximos de las variables
experimentales (180 uE m™s™, 4% mezcla CO,-aire y 1200 rpm), obteniendo una coeficiente especifico
de crecimiento 0.64 d' y una concentracién de exopolisaciridos de 24,7 mg L™'. Se muestra una marcada
influencia de la interaccién entre variables que repercuten directamente sobre el crecimiento celular
y la produccién de exopolisaciridos, estd ultima favorecida por los regimenes de flujo turbulentos
(méximo nivel de agitacién) que se asocia a una mayor disponibilidad y mejor distribucién de la fuente
de energia (luz) y carbono. La validacién de los modelos polinémicos en montajes adicionales, certifica

la representatividad de los andlisis realizados.

Palabras clave: algas, Scenedesmus, exopolisacaridos, parimetros de proceso, disefio experimental.

INTRODUCTION

In recent years, there have been a large number
of reports on the potential of microalgae as a va-
luable source of products such as phycobiliproteins,
polysaccharides, proteins, fatty acids, and other
secondary metabolites (1-3). Currently, the range
of applications for biomolecules isolated from the
diverse classes of algae is enormous; with great
potential for the development of applications in
human and animal nutrition, cosmetics, fatty acids,
and pigments (4-5).

The polysaccharides of microalgae have po-
tential applications in many industrial sectors due
to their diverse physical and chemical interesting
properties, such as stabilizing, suspending, thicke-
ning, gelling, and water-retention capability. They
are used in textiles, adhesives, paints, food, and
beverage industries; as well as in pharmaceuticals,
in oil and metal recovery from ore, and industrial
wastes (6).

The cell growth and accumulation of meta-
bolites in microalgae culture is affected by many
factors, these include medium components such
as phosphate and nitrogen sources, besides culture
conditions, namely, temperature, light intensity,
aeration rate, and initial pH (7). Therefore, for
commercial applications is relevant to determine
the significant variables that affect production and
yield of biomass and biomolecules, in order to ge-
nerate reproducible and cost effective processes at
industrial level.

Polysaccharide biosynthesis and accumulation
generally take place after the growth phase of the
microorganism. The polysaccharides produced by
microorganisms can be classified into three main
groups according to their location in the cell: (a)
cytosolic polysaccharides, which provide carbon
and energy source for the cell; (b) polysaccharides

that make-up the cell wall, including peptidoglycans
and lipopolysaccharides and (c) polysaccharides that
are exuded into the extracellular environment in
the form of capsules or biofilm, known as exopo-
lysaccharides (8).

Several authors have documented the potential
of microalgae, like the Chlorophyta division. Speci-
fically, these authors have shown that the genera
Scenedesmus sp. and Chlorella sp. have the potential
to produce polymeric substances and growth pro-
moters for diverse industrial and agro-industrial
applications (9-10). The genera Scenedesmus, which
can be found in all kinds of freshwater, are widely
used for biomass production and provide appro-
priate experimental materials for the study of
photosynthesis and other fundamental problems
in biochemistry and physiology, which can impact
production systems (11).

This article analyzes the effect of the interactions
of three process variables through a factorial expe-
rimental design using the screening methodology,
in the production of exopolysaccharide-rich extracts
from the microalgae Scenedesmus obliquus (UTEX
393) that have the potential to be used in innovative
agricultural products.

MATERIALS AND METHODS

Organisms and growing conditions

The present study used the green microalga
Scenedesmus obliqguus (UTEX 393) as the referen-
ce microorganism. The microalga was obtained
from UTEX culture collection (University of
Texas, Austin, TX, USA). The green microalga,
was cultivated in batch culture under sterile con-
ditions in Bristol liquid medium (UTEX), which
was composed of (per liter) 0.25 g NaNO,, 0.025
g CaCl,.2H,0, 0.075 g MgSO,.7H,0, 0.075 g
K,HPO,,0.175 g KH,PO,, 0.025 g NaCl, 6ml PVI
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Metal solution, 1ml of thiamine and 1ml of biotin.
All experiments were adjusted to an initial pH of
6.8. The cultivation was carried out in photobio-
reactors which are glass vessels of 500ml. Each
culture was inoculated with an initial S. obliquus
cell concentration of 1x10* cell/ml.

The cultures were stirred using a magnetic
stirrer base. The cultivation vessels were kept at a
constant temperature of 27 + 2°C. The agitation
was performed with a drive magnetic base (figure
1), allowing to change the shaking rate (R;). The
light intensity (wE m™s™) was measured at the geo-
metric center for each container with a Biospherical
Instrument Inc. QSFL 2101 light meter and the
intensity was adjusted by modifying the capacity
(Watt) of the source of light. Lamps42watt, initia-
Ily located 10 cm from the bottles, were used for
growth. The carbon concentration in the mixture,
C * (%air-CO?2 v/v) was controlled by pressure
adjustments in the discharge system.

Figure 1. Optimization mounts for photoautotrophic
cultivation of microalgae. H vessel height (133.99 mm),
V cffective height cultivation (90.29 mm, effective
volume of the 500 cm® medium), d the impeller diameter
(49.79 mm), D vessel diameter (91.40 mm).

Monitoring biomass concentration

Biomass values (Yc, cells ml™") were quantified
using a particle counter (Beckman®, USA) with
duplicate readings. In addition, the cell concentra-
tion measurements were validated by measuring
the optical density of the culture at 560 nm for S.
obliquus (12). For the optical density measurements
of the culture, glass cuvettes of 1 cm’ were used,
and absorbance measurements were performed on
a Varian-Cary 100 spectrophotometer equipped
with lamps for visible and UV light. Biomass values
(Yc) and exponential regressions were used to cal-
culate the maximum specific growth rate (umax,
d™) using equation 1 (13), during the exponential
growth phase in the culture.
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H= Equation 1.

where: u = specific growth rate; N, = population
size at the end of the time interval; N, = population
size at the beginning of the time interval; At =
time interval.

Total carbohydrates and exopolysaccharides

Two independent procedures (described below)
were standardized for the quantification of intrace-
llular and extracellular carbohydrates.

Analysis of total intracellular carbohydrates

The concentration of intracellular carbohydra-
tes was performed by the anthrone-sulfuric acid
method. The extraction of microalgae biomass
carbohydrates was performed taking into account
the methodology used by Yemm and Willis (14)
and modified by Band (15). In this protocol, the
cells undergo a process of hydrolysis for 24 hours
in a chloroform-methanol mixture, after which
several washes are performed, and the mixture is
centrifuged at 4000 rpm for 5 minutes. Then, HCI
is added, and the mixture is boiled for one hour.
After this period of time, one final centrifugation
is performed with the conditions previously descri-
bed, and the obtained supernatant is analyzed using
the anthrone reagent with a previously prepared
calibration curve.

Analysis of total extracellular carbohydrates or exopolysac-
charides

Analysis of total extracellular carbohydrates or
exopolysaccharides in the culture supernatant was
performed taking into account the methodology
described by Lewin, 1956 (16) and modified by Yu
et al., 2010 (17). In this protocol, the supernatant is
clarified by filtration, and then the carbohydrates
are precipitated with ethanol to be subsequently
concentrated by evaporation. Free extracts of orga-
nic material are weighed to determine the amount
of carbohydrates present.

Dynamic viscosity and density of the culture medium

The quantification of the dynamic viscosity
(u, mPa*s) of the culture medium during the
growth of microalgae was performed using a Bro-
okfield viscometer, LDVD-1 + T. The correspon-
ding density (p, g ml") and viscosity measurements
were performed according to methods described by
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Wazer, Lyonset al., 1963 (18). The final value repor-
ted is the average of three replicates. The values of 1
and p were used to calculate the impeller Reynolds
number (Rei) according to equation 2. These values
were used for the analysis of the experiments, the
results of the optimization and validation assays.

Rei= N, D’p/p Equation 2.

where: N;is the speed of the impeller, and D is the
diameter of the impeller.

Experimental design

The three studied factors were agitation (Rf,
rpm), light intensity (Ia,uE m~s™) and carbon con-
centration (C *, a mixture of air enriched with CO,
in % v/v) which were evaluated at three different
levels, using a 2’ screening factorial design. The
choice of factors levels was based on information
from literature and preliminary experiments. Nine
experiments were carried out in randomized run
order (9 points of factorial design and three center
points to establish experimental errors) (table 1).
The response variables were the specific growth
rate (4, d) and concentration of exopolysacchari-
des (EPS) (Y., mg L™).The analysis of responses
for each test was performed using the statistical
software Statgraphics plus 5.0.

Table 1. Description of the experimental design used for
the exopolysaccharides production (EPS) of microalga
Scenedesmus obliquus.

Discretized Experimental
Levels Levels .
Factors Center Units
ente

Low | Upper | Low points Upper
Light intensity| -1 1 80 130 180 wEm?s™
Carbon 11 g | g 4 |%aire-CO, v
concentration
Agitation -1 1 0 600 | 1200 RPM
Response variables Units
Exopolysaccharides concentration mg L'
Specific Growth Rate days™

RESULTS AND DISCUSSION

To investigate the effects of light intensity,
agitation and carbon concentration and their
interactions on the Scenedesmus obliquus growth cell
and EPS production, a batch culture was carried
out in the Bristol medium for 20 days. The factors
were maintained at the values shown in table 2.
The cell growth and the EPS production curves
of the 12 individual experiments run, showed
differences among them. The day 20 was chosen
for the analysis of EPS and as the end point of the
culture, based on cell behavior in preliminary
experimental runs.

Table 2.Growth rate (1), and maximum polysaccharides concentration (EPS) for various culture conditions of

Scenedesmus obliquus.

Experimental Experimental variables Response variables
runs Ia"(uE ms™) | C* Air-CO, % v/v | Rf ‘Rpm | u ° (days™) | Y, (mg L")
1 180 4 1200 0.66 24.70
2 180 0 1200 0.39 15.05
3 180 0 0 0.35 8.80
4 80 4 1200 0.42 16.17
5 80 0 1200 0.27 13.30
6 180 2 600 0.36 17.96
7 180 4 0 0.62 13.44
8 80 0 0 0.32 13.70
9 80 4 0 0.42 15.07
10° 130 2 600 0.36 14.76
11 130 2 600 0.35 14.50
12 130 2 600 0.37 14.63

“ Bold values correspond to the central point repeated three times. ® Light intensity, ¢ Carbon concentration, ¢ Agitation, ¢ Specific Growth Rate, *

Exopolysaccharides concentration.
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Specific Growth Rate (u, d') as a response
variable

The highest growth rate (0.66 day™") was ob-
served for the culture grown at 180 uE m™s™/ 4%
air-CO,, %v/v/ 1200 rpm and the lowest growth rate
(0.27 day™') was observed for the culture grown
at 80 uE m™s™/ 0% air-CO, %v/v/ 1200 rpm. For
the specific growth rate (u, d™), the effects of light
intensity and carbon concentration were significant
because they present P values lower than 0.05 at the
95% confidence level. The eftects of each factor and
their interaction, as well as statistical significance,
are reported in table 3.

Table 3. Analysis of variance for factorial design for S.
obliquus Specific Growth Rate (u, d-1) as a response
variable.

Factors Sum of squares P-value

A: Light intensity (Ia) 0.0435125 0.011

B:CO, concentration (C*) 0.0780125 0.0033
C:Agitation (Rf) 0.0001125 0.8493
AB 0.0105125 0.1109
AC 0.0021125 0.4256
BC 0.0003125 0.7523

R*-squared= 90.5467%

The significance of light intensity and carbon
concentration on specific growth rate shows that
these variables maximize the response at maximum
levels. Therefore, it is clear that the dynamics of the
chemical reactions in photo-biological processes
are directly related to the supply of CO, and the
intensity of the light source used. In conditions
of relatively constant temperature and pH, these
factors would control processes or reactions related
to the cell productivity of the culture. The value
of the R-squared statistic supports this statement
because the results obtained explain 90.55% of the
variability of the specific growth rate.

The results show that agitation-Rf, rpm- (B
factor) has a low effect, because it has a P-value >
0.05. This implies a low relevance of this variable
in the cell growth. In consequence, this suggest
that besides the broad significance of the variables
A and B, all their interactions have a positive effect
for maximizing the specific growth rate (u, d).
This high significance for variables A and B, and
low for agitation (C) and other interactions between
variables, can be seen most clearly in the Pareto
diagram (figure 2).

N. M. Corposa C. et al.

Standardized Pareto Chart

B: CO,
Alla
AB

AC

BC

C: Ry

T2 3 4 5 6
Standardized effect

o |

Figure 2. Parcto diagram for the study of factors light
intensity (A), carbon source (B) and agitation (C) on
specific growth rate (u, d') in the microalga Scenedesmus
obliquus.

According to the interaction effects between
experimental factors on the response, the AB in-
teraction shows that maximum levels of CO, and
light intensity maximize the productivity of cells.
The same effect was noticed with AC interactions
(light intensity and agitation) and BC (carbon con-
centration and agitation), which at maximum levels
also generate this effect (figure 3).

Interaction Plot for Specific growth rate
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Figure 3. Interaction diagram for the study of growth
factors light intensity (A), carbon source (B) and
agitation (C) on Specific growth rate (u, d™') in the
microalgae Scenedesmus obliquus.

When the concentration of CO, was found in
its lowest level (0% air-CQO,), the specific growth
rate had the lowest value. A similar effect occurs
when light intensity was located at this level. The
relevance of the main effect of variable B is evident
because when this variable was kept at 0% (mini-
mum level) the lowest specific growth rate of the
experiment run was obtained.
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The AC interaction shows that maximum le-
vels of light intensity and agitation are required to
achieve a higher cell growth. These results show
that effect achieves greater cell growth (0.66 day™)
in the experimental run when the factors are placed
in these levels (180 uE m™s™, 4% Air-CO, %v/v,
1200 rpm).

Much of the agitation effect (interactions AC,
BC) on specific growth rate could be associated with
mechanical process related to the physiology and cell
stability in culture medium. However, in photoau-
totrophs production systems, the flow dynamics
(RPM) affects the distribution of light associated
with the scattering cell in the medium and the self-
shading eftects generated in high density cultures.
Considering cultures with constant cell density, it
should be noted that those systems with a turbulent
shaking rate provide cells with shorter light/dark
cycles (L/D) than those cultures subjected to a sha-
king rate of low turbulence or one that is laminar
(19). As a result, the productivity (i, d™') in relation
to the L/D cycles is affected by light intensity, such
that the greater the intensity, the lower the cycle
must be. In other words, the higher the intensity
of light or luminous flux, the shorter the period of
exposure to light should be to avoid loss of produc-
tivity. Studies by Wu, et al., 2001 (20) on processes of
photo-inhibition support these assertions.

The response surface for the experimental de-
sigh showed an optimal response of 0.6425 d™' at the
maximum levels of all the variables with marked
decreases when the light intensity and carbon con-
centration are at low levels (-1). This is considering
the Specific growth rate as response variable (figure
4), the analysis of main effects and their interactions.

Estimated Response Surface
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Figure 4. Response surface obtained from the
experimental design for the response variable Specific
growth rate (1, d') in the microalgae Scenedesmus
obliquus. (Discretized values: Maximum level (1),
minimum level (-1)).

Exopolysaccharides concentration (Ych, mgL™)
as a response variable

For the concentration of exopolysaccharides
(Ych, mg L™), the effects of concentration of carbon
and agitation were significant because they present
P values lower than 0.05 at the 95% confidence
level. In addition, the light intensity-agitation (AC)
interaction also had a significant effect (p < 0.05)
(table 4).

Table 4. Variance Analysis of factorial design for S. obliquus.
Concentration of exopolysaccharides (Ych, mg L) as a
response variable.

Factors Sum of squares P-Value
A:Light intensity 1.75781 0.4000
B:CO, concentration 42.9201 0.0061
C:Agitation 41.4505 0.0066
AB 12.6253 0.0569
AC 35.322 0.0092
BC 5.29751 0.1713

R%-squared = 93.061%

The results obtained showed that the highest
concentration of exopolysaccharides (24.7 mg L™)
was observed for the culture grown at 180 uE m™s™,
4% air/CO,, 1200 RPM and the lowest EPS con-
centration (8.8 mg L™") was observed for the culture
grown at 180 uE m™s™"/ 0% air-CO, %v/v/,0 rpm.

As observed in tables 3 and 4, the adjusted R*
of each model became larger than 0.9. This means
that 90% of the variation of growth rate and EPS
production under the effect of light intensity, car-
bon concentration and agitation can be explained
by the developed models.

Standardized Pareto Chart
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Figure 5. Pareto diagram for the study of factors light
intensity (A), carbon source (B) and agitation (C)
on exopolysaccharides concentration (mg L) in the
microalga S. obliquus.
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The results show that the main effects of CO,
concentration and agitation directly affect the pro-
duction of EPS (figure 5). Thereby, indicates that
EPS concentration increases within the carbon
concentration range of 0 to 4%, and it reaches its
maximum value (24.7 mg L™) at 4%. Then, EPS
concentration decreases progressively to reach
15.05 mg L™ at 0% (% v/v air-CO,).

Another significant main effect on the EPS
production was the agitation (p < 0.05), when this
factor was fixed at the maximum level (1200 rpm),
the highest EPS concentration (24.70 mgL™") was
found. However, a variation of this factor to the
minimum level (0 rpm) generated a significant
change in EPS production reaching a concentration
of 8.80 mg L.

The eftect of agitation (Rf) on the exopolysac-
charides concentration - Ych (mg L) - shows a
proportional relationship that can be associated
to responses to the hydrodynamic stress caused
by the impeller, which induces physiological and
biochemical adaptations in the organism to reduce
susceptibility to damage. These results on the over-
production of EPS could be associated to an envi-
ronmental adaptation to reduce the shear through
an increase in the viscosity of the medium (21). This
observation is supported by the results obtained in
this study, which show maximum production of
EPS when the flow rate is more turbulent. It should
be noted, however, that increased production of
EPS may also be related to greater availability and
better distribution of the energy source (light) and
CO,. Additionally, results show that high yields of
EPS are also associated with high levels of carbon
in the medium and high levels of light on the cell.

By analyzing the effect of the Light intensity/
agitation interaction (AC) on the EPS concentra-
tion, we observed that the effect of agitation was
strongly influenced by the effect of light intensity.
Thus, at 1200 rpm and 80 wE m™s™(with 4% air-
CQO,) it was obtained value of EPS concentration
of 16, 17 mg L™, but this value improved to 24.70
mg L' when the light intensity increased to180 uE
m™s™ (with 4% air-CO, and 1200 rpm).

The interaction between light intensity and
carbon source, when they are kept at the maximal
levels employed, also causes an increase in the pro-
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duction of biomass and EPS. This becomes evident
considering that high availability of energy would
be associated with increased generation of reducing
power and ATP, which are the basic requirements
for the reactions of the dark phase of photosyn-
thesis. This would, in turn, increase the efficiency
of CO, fixation and, therefore, biomass and EPS
productivity. Similar results have been found in
strains of B. braunii (22), which exhibited the same
effect of maximization, even under different adverse
conditions.

The eftect of light intensity has been repor-
ted in other studies (23) as one of the reasons for
overproduction of EPS by microalgae. For practical
purposes, the effect of illumination on the different
responses must be considered. It can be observed
that the incidence of light intensity (uE m™s™) on
the production of EPS at its maximum level (180 uE
m™s™) is significant when working with high light
output, this is not the case when carbon availability
in the medium is minimal ( ~ 0% CO,), in which
case the trend in the response is negative.

This result is most likely associated with the
physiological effects of adaptation for the referen-
ce microalgae, which prioritizes cell maintenance
instead of synthesizing new cellular components
when cells are in conditions of low carbon levels.
As a result, there is a decrease in the concentration
of EPS in the medium because the sugar stocks are
required for other activities related to metabolic
maintenance. This effect suggests that low availa-
bility of light is equivalent to low levels of carbon
fixation. In addition, there is a lack of carbon in the
medium, and all of these factors result in insuffi-
cient carbon supplies during the absorption phase
of the carbon cycle (the dark phase of the process)
to maintain the corresponding efficiency. In these
conditions, the amount of fixed carbon would be
minimal and would be consumed to support the
development of the microalgae. Similar effects have
been found in studies associated with the growth of
microalgae under limiting conditions (24).

The response surface for the concentration of
exopolysaccharides (Ych, mg L™) (figure 6), confirms
that the optimal levels for the production of exopo-
lysaccharides are achieved at the maximum values of
the three experimental variables considered.
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Estimated Response Surface
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Figure 6. Response surface obtained from the experimental
design for the response variable exopolysaccharides
(Ych, mg L) (Discretized values: Maximum level (1),
minimum level (-1)).

Therefore, when EPS (Ych, mg L) is used as
the response variable, the optimal response of the
microalgae Scenedesmus obliquus is expressed at an
optimal value of 24.41 mg L. This value is exhi-
bited when the experimental variables are all kept
at the maximum levels tested. These observations
are similar to the optimal response found for the
specific growth rate.

From the experimental data and applying a
factorial experimental design, a first-degree poly-
nomial model can be established for the specific
rate of growth and EPS as response variables. These
polynomials are among the highest and lowest
ranges considered for each of the experimental
variables (light intensity, carbon concentration
and agitation) and interactions between them. The
equations obtained and their ratios are shown below
for each output.

w = 0.408+ 0.074* Ia + 0.0988*CO,+ 0.036*Ia*CO,
+ 0.0163*[a*Rt + 0.0063*CO,*Rf  Equation 3.

Y, = 15173+0.469*1a + 2.316*CO, + 2.276*Rf + 1.256*[a*CO,
+ 2101*a*Rf + 0.814*CO,*Rf Equation 4.

where: u = specific growth rate (d™); Ych = con-
centration of exopolysaccharides in the supernatant
(mg L™"); Ia = light intensity used for growing
the photoautotrophic cultures (uE m™s™); CO,=
concentration of the carbon source supplied to the
medium (air-CO, mixture % v/v); Rf = shaking
rate in the medium (rpm).

To verify the accuracy of the model obtained,
a culture was carried out at the optimal levels (by

triplicate), which corresponded to the experimen-
tal variables at their maximum levels, i.e. agitation
(Rf) 1200 rpm, light intensity (Ia) 180uE m™s™,
and carbon source (C*) 4% (a mixture of air en-
riched with CO, in % v/v). For these assays, the
specific growth rate (u, d™") and the concentration
of exopolysaccharides—EPS (Y, , mg L") were also
used as response variables. Using these assays, we
found that the specific growth rate, w (d™) exhibits
a significant adjustment of its average for the assays,
with a standard deviation (6) of 0.005 and a vir-
tually nil absolute difference (d"') regarding to the
optimum value of model. The exopolysaccharides
concentration (mg L) showed a mean value less
than projected; however, the average value of 23.79
mg L is within the confidence interval (table 5).

Table 5. Consolidated results of the validation assays
(replicates A1, A2, A3) and the optimal response of
the screening experimental design for the microalgae
Scenedesmus obliquus.

Model validation EPS (mgL™) | u (days ™)
Al* 21.96 0.65
A2* 24.83 0.64
A3* 24.59 0.65
Average values 23.79 0.65
lC))epStiigrrrllal response of Experimental 2441 0.64

*Replications.

The specific growth rate (u) and the con-
centration of exopolysaccharides (Ych), the two
response variables under consideration, show that
the process of carbon fixation that is associated
with cell growth and the production of polymeric
substances require the provision of an inorganic
source of carbon. Therefore, the CO, concentration
can be considered to be the main factor affecting
the productivity of the process. However, the CO,
supply should be considered in the context of the
different interactions that affect its availability in
the medium and the efficiency of its fixation in the
photosynthetic process.

The increase in EPS can affect the viscosity of
de culture medium and consequently the flow rate
of the system. Therefore, in this research we carried
out dynamic viscosity (mPa*s) measurements to
determine the effect of EPS concentration in the
viscosity culture medium. The increase in viscosity,
associated with the production and concentration
of EPS in the medium, is shown on figure 7.
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Figure 7. Variation in the dynamic viscosity (u) in the
culture media for the microalgae Scenedesmus obliquus.
The p values are given in mPa*s and correspond to
measurements taken at 18 °C.

The increase in viscosity associated with the pro-
duction and concentration of EPS in the medium is
considered a physiological adaptation of microalgae
to the environmental conditions of the production
system. Specifically, this could be an adaptation
against mechanical damage by trying to protect
the cell wall by covering it in EPS. The results of
Trujillo-Roldany et al., 2006 (25) in conditions of
hydrodynamic stress in different biological models
support this assertion.

Exopolysaccharides concentration in the culture
medium could be related to the viscosity changes
produced in it. There was an increase in the value
of viscosity at the end of culture from 1.407 mPa
s to 2.84 mPa s, which doubled the initial value. A
direct relationship between viscosity of the culture
medium and the concentration of EPS was found
in the present investigation which is consistent with
results by other authors (26).

CONCLUSIONS

This research showed that the model and the
three-level -factorial design gives a reliable picture
of the situation, and lets us know clear results for
the decision making. The results indicate that the
maximum productivities in biomass and exopo-
lysaccharides production in the microalgae Scenedes-
mus obliquus are achieved under similar conditions,
when each of the three experimental variables is at
their maximum level. Thus, light intensity: 180 uE
m™s™, carbon concentration 4% v/v, and agitation:
1200 rpm vyielded a specific growth rate of 0.66
d" and a mean exopolysaccharide concentration
of 241 mg L. The results reported in this inves-
tigation also showed that if the light intensity is at

N. M. Corposa C. et al.

its maximum level and carbon concentration and
agitation at them lowest level, the EPS productivity
is negatively affected. Under these conditions it was
observed that the EPS concentration was the lowest
of all the experimental runs (8.8 mg L™).

In the production process, when the experi-
mental variables and their interactions are taken
into account, the main phenomenon to consider is
flow dynamics. The results of this study showed
that this factor is critical to the production process
because the flow rate affects the availability of
light, which in turn affects the processes of carbon
fixation and synthesis of macromolecules in mi-
croalgae, including the production of biomass and
EPS. Therefore, new assays for the optimization
of biomass and EPS production can be developed
with a production system based on the optimal use
of light associated with a variable shaking rate to
improve the distribution of light in the culture me-
dium, with a supply of CO, in high concentration
to maximize overall efficiency.

Studies on EPS production have been mainly
conducted in Cyanobacteria, which reported a high
accumulation of these substances in the culture
medium. Investigations such as those by Yu et al.,
2010 (7) in Nostoc flageliforme showed the presence
of these substances at a concentration of 228.56 mg
L™ when the nutrient concentrations in the cultu-
re medium were modified. Studies in Arthrospira
platensis, Trabelsi et al. (27) reported the presence
of different concentrations of extracellular subs-
tances when changing the culture conditions such
as temperature and light intensity. Although there
are reports in green algae, evidence in Scenedesmus
obliquus is not clearly reported.

With the results that we found in this study, we
can conclude that the Scenedesmus obliquus is an
appropriate microalga species for the production of
exopolysaccharides (EPS). These exopolysacchari-
des have multiple uses, including utilization of soil
improvers with the goal of developing innovative
technological alternatives that are sustainable and
that can present a response to this urgent need of
the primary agricultural sector.
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