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Abstract: The green algae Dunaliella salina offers great potential for the food industry due to its high
[-carotene content. To guarantee the economic profitability of cultivation, growth conditions must
be improved. Therefore, the effects of pH and salinity on the cultivation of the green alga D. salina
were investigated and optimized. The simplex method was applied to find the optimum of these
two parameters to maximize the biomass and the cell number of D. salina. The optimum pH was
found at 7 and 8 at a salt content of 50 g/L, with a biomass content of 1.09 and 1.11 g/L, respectively.
The highest biomass was found at a salinity of 50 g/L, with a final biomass of 1.11 g/L. However, by
using the simplex method, an optimum product yield was found at a salinity of 64 g/L and an initial
pH value of 7.2. Thus, a biomass of 1.23 mg/mL was achieved. In the single observation of both
parameters, 14 experiments were conducted to obtain a satisfactory result, whereas eight runs only
were required with the simplex method. This leads to the conclusion that using the simplex method
is a useful way to drastically reduce the number of required experiments.
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1. Introduction

Due to continuous population growth, new sources of food must be found to prevent
malnutrition of broad population groups in the future. Owing to the high cell division
rate of algae and the possibility of using areas that provide hostile conditions for other
organisms, algae offer high potential as food supplements [1]. In countries with large
wasteland areas, algae cultivation has enormous economic value, particularly in North
America, followed by European, Asia—Pacific and LAMEA regions [2,3].

The algae Dunaliella salina is a unique type of green, halophilic eukaryote that is free
of a cellular wall [4,5] Furthermore, it is a biflagellate microalga that is surrounded by a
flexible membrane and enclosed by a mucous layer, enabling the cell to change its shape
and volumetric size according to the osmotic stress surrounding the cell. Thus, it can adapt
with quick and rapid changes in light intensity and availability of nutrients [6,7]. Moreover,
the reproduction in D. salina occurs by longitudinal cell division or merging of two cells to
form a zygote [6].

There are wide applications of D. salina, which is mainly known as the highest source
for the production of 3-carotene. (-carotene is a natural C40 carotenoid pigment that
has essential pharmaceutical characteristics, as it restrains certain types of tumors cancers.
Furthermore, it is an essential component to preventing vitamin A deficiency and has a
significant result in reducing the risk of some cardiovascular diseases [8-11]. Furthermore,
it is used in cosmetics and pigmentation [12]. In addition, D. salina is used to produce
glycerol, which is considered as an osmoregulatory substance for concentrated salt content
in the surrounding medium [13]. Moreover, its biomass is utilized in wastewater treatment
and is a nutrition source for humans and animals [12].
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According to the German Society for Nutrition, a daily requirement of approximately
4.65 mg [-carotene is recommended for adults [14]. Based on a population growth of
0.84 percent per year [15], the demand for (3-carotene is constantly growing. Due to the
wide applications of 3-carotene, it is being produced on a large scale by algae cultivation in
many countries [16].

The microalgae D. salina lives in hypersaline aqua cultural environments and can
tolerate a board range of salinities up to 4.5 M NaCl [5]. However, several types of culturing
systems have been constructed and developed as a culture system for the microalgae to
grow and increase the biomass content, such as open and closed systems. The open system
includes large ponds stirred by winds and stirred raceway ponds, where the closed systems
are represented with bioreactors. It is worth noting that the main difference between them
is how the operating parameters are being controlled and the size of cultivation [6].

Although natural/organic (3-carotene is preferred by consumers, the biological pro-
duction of 3-carotene is in direct competition with the synthetic production, as it is well
established [8]. Therefore, highly efficient processes are required to maximize the growth
rate and minimize the production costs [17]. For this reason, the algae D. salina has already
been extensively researched, and many different process parameters have been optimized
regarding the 3-carotene content [18,19]. It has been discovered that D. salina produces an
increased (3-carotene content, especially under stressful conditions [20].

Like all types of microalgae, D. salina requires specific conditions for optimum growth.
Several studies reported that algal growth, biomass and products are a function of phys-
ical and chemical parameters, including temperature, light intensity, nutrients, carbon
concentration and pH [21]. Moreover, bubble size and mixing that is characterized by
rotations per minute (rpm) are important factors, as they affect the mass transfer inside the
medium [4,22,23] of D. salina. In intensive industrial cultivation, the algae must endure
completely different stress conditions than in nature. One of these stress conditions is
hydromechanical stress caused by gasification and mixing of the cell suspension [24]

The global market for carotenoids is projected to reach USD 2.1 billion by 2030 [25].
The market is very competitive due to the large number of production options. Although
synthesized carotenoids dominate in the market, naturally produced carotenoids obtained
from living organisms and microorganisms are preferred due to their higher medical
properties and lower potential toxic effects. Moreover, the chemical route of production
is not considered as economically friendly, as they generally come from petrochemical
sources. The production of carotenoids from biological sources is derived from bacteria,
yeast, fungi or algae [26]. The market of carotenoids in 2022 is USD 2.0 billion, and it
is expected to reach USD 2.7 billion by 2027 [27]. The main carotenoid species that are
produced on industrial scales are astaxanthin and (3-carotene. Astaxanthin had a market
of approximately USD 0.7 billion in 2021 and is expected to raise by 62% in 2027, whereas
[-carotene has a market worth around USD 0.5 billion, which is projected to rise to USD
0.8 billion in 2033 [28,29].

In order for (3-carotene to have greater opportunities on the market, highly efficient
processes are required for the algal production of 3-carotene. During the production of
[3-carotene by D. salina, a binary step of cultivation is often used to maximize the biomass
initially and raise the 3-carotene content afterwards by stressing the cells, as the stress
conditions lead to a significant decline in the growth rate, and the economy of the process
is not possible [30].

There are many different methods to optimize operating conditions. The disadvan-
tage of most of these methods is that only one parameter can be varied, while the other
parameters remain constant, and these interdependent parameters can only be optimized
inadequately. Because of the interdependency of many parameters in biotechnology, the
single observation of one parameter without changing other parameters is not possible. A
lot of experiments are necessary to find the optimum of different parameters, due to this
simultaneous effect [31].
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In contrast to conventional methods, using simplex caused a large reduction in the
number of required experiments [32], i.e., the required experiments were reduced from
540 (if factorial design is used) to only 38 runs in order to find the optima of the yeast growth
conditions (i.e., temperature and pH). The simplex method allows for the optimization
of both interdependent and independent parameters at the same time. The basic idea
behind the simplex method is that a geometrical figure that has a number of vertexes equal
to one more than the number of parameters is stretched in a k-dimensional space. The
vertex that leads to the worst results is then eliminated and replaced by a new one by
reflecting the eliminated vertex on the centroid of residual vertexes. This iterative process
is repeated until an optimum area has been found [33]. Moreover, simplex method can
optimize multiple parameters at the same time. Furthermore, the details of using the
simplex method can be found in [32,34,35].

Optimizing growth conditions is necessary to run further studies. For instance, to be
able to analyze the influence of the hydromechanical stress on D. salina, the cultivation
conditions concerning salinity, pH, media and inoculation volume have to be optimized.
Therefore, in this study, the application of the simplex algorithm is compared with the
single observation of two parameters to reduce the number of experiments, saving both
time and costs. In this way, the cultivation conditions of D. salina such as pH and salinity
are optimized to increase the biomass content, which means improving the growth of
D. salina in the best cultivation conditions. Moreover, the relation between the biomass
and absorbance of D. salina is determined. The novelty of this study is the use of the
simplex method in optimizing the cultivation conditions of algae growth instead of using
conventional methods.

2. Materials and Methods
2.1. Organism and Medium

D. salina 19/18 was taken from Hutt Lagoon, a hypersalinelagoon, located in Western
side of Australia. It was provided by the “Culture Collection of Algae and Protozona
(CCAP)” of the Scottish Marine Institute, Oban, UK.

For the cultivation, an “f/2” medium was used, and the stock solutions were supplied
by CCAP. Seawater was collected from Athaiba beach, which is located in Oman; was used
as solvent and was tested by a “U-50 Multiparameter Water Quality Meter” to define its
properties, which are provided in Table 1.

Table 1. Properties of Seawater from Athaiba in Oman.

Property Value
Temperature 26.99 °C
Total dissolved solids 31.7g/L
Dissolved oxygen 6.40 mg/L
Conductivity meter 52.8 mS/cm
Salinity 34.8 ppt
Seawater Specific gravity 22.7 ot

The solvent was filtered through 0.45 um filter paper before being added to the
medium. The recipe of the {/2 medium is shown in Table 2. An amount of 100 mL
stock solution of NaNOj3; was prepared and dissolved in sterile distilled water. However,
NaH,PO4 H,O was not available in the lab. Instead, 100 mL stock solution of NaH;POy,
was used in the media preparation. The molar concentration of both compounds should be
the same. Thus, given the molar concentration of NaH,PO4 H,O in the recipe of the media,
the amount of NaH,PO,4 was determined as shown below.

Z |
~sMOINAHAPOL  q1g98 8 Lt _,54 & )

3.62 x 10
media mol NaH,POy4 0.001 Lsolution Lsulution
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where NaH,PO,—molar concentration of NaH;POy (mol/L), Legia— Volume of final
Media (L) and Lgyjyution— Volume stock solution (L)

Table 2. Recipe of media.

Component

Stock Solution

Quantity Used (mL)

Concentration in

(g/L dH,0) Final Medium mol/L
NaNO; 75 1 8.82 x 1074
NaH,PO, H20 5 1 3.62 x 107°
Trace elements
In Table 3 1 -
(chelated) ntable
Vitamin mix In Table 4 1 _
Table 3. Metal solution.
Stock Solution . Concentration in
(g/L dH,0) Quantity Used Final Medium mol/L
Na, EDTA 2H,0 - 436¢g 1.17 x 107
FeClz 6H,0 - 315¢g 1.17 x 107>
Na;MoO, 2H,0 6.3 1mL 2.6 x 1078
CuSO, 5H,0 9.8 1mL 3.93 x 108
ZnSO, 7H,0 22.0 1mL 7.65 x 1078
CoCl, 6H,O 10.0 1mL 420 x 107>
MnCl, 4H,0 180.0 1mL 9.10 x 1077
Table 4. Vitamin solution.
Stock Solution . Concentration in
(g/L dH,0) QuantityUsed " Final Medium mol/l.
Cyanocobalamin 10
(Vitamin Bry) 1.0 1mL 3.69 x 10
T&‘,‘i:‘ﬂ‘f‘; I;Sl - 200 mg 2.96 x 107
Biotin (Vitamin H) 1 1mL 2.05 x 1077

As it is necessary to prepare 100 mL, the final amount of NaH;PO, added is

43— 8

solution

X 0.1 Lsopytion = 0434 ¢ 2)

For preparation of 100 mL stock solution of NaNOj3, the concentration of the stock
solution is given as 75 g/L dH,O. Thus, to prepare 100 mL, the amount needed is calculated
from the following equation:

75—S8 — % 0.1 Lyyjution = 7.5 & 3)

solution

The media preparation started with adding NaNOj3; and NaH,;PO, to 950 mL of
filtered seawater. Afterwards, the solution was placed in the microwave for 5 min as a
pre-sterilization step. Both metal and vitamin solutions provided in Tables 3 and 4 were
added as supplements to the mixture, which was filled with the solvent until the solution
reached a final quantity of 1 L. F/2 medium usually contains silica. Nevertheless, as D.
salina does not have a cellular wall, the medium was prepared without silica, as it is not
required for this species.

After the seawater was filtered through a 45 pm filter, sodium nitrate and monosodium
phosphate stock solutions were added, and the pH was adjusted to 8.3 by adding HCI or
NaOH. Afterwards, the mixture was autoclaved at 15 psi and 121 °C for 15 min. After
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autoclaving, the mixture was cooled to the room temperature. Then, filtered trace elements
and vitamins were added to this mixture, and the pH was adjusted at 8 £ 0.02. All
procedures were conducted under a safety cabinet to prevent contamination.

2.2. Biomass and Cell Number

The optical density (OD) of different cultures was determined by measuring the ab-
sorbance under the wavelength of 660 nm using a GENESYS 10S UV-Vis spectrophotometer.
A sample of 1 mL was taken from the flask and placed in microtubes. This step was
performed 3 times, and the average was taken for accuracy. After that, each sample was
slowly mixed in the microtube using a micropipette before being transferred to the cuvette
for OD detection. The idea of spectrophotometer is to give an indication of cell density and
concentration of pigments inside the cells when the selected wavelength matches to the
chromophore absorption. Therefore, other particles and colors should be removed from
the measurement. This step is performed by making the media of the culture as a blank.
Hence, the machine will consider the media as zero or the reference starting point. The
value of the blank solution is deducted from the sample measurement and finally reported.
Both blank and sample should be mixed very well and placed directly into the cuvette
inside the spectrophotometer to have a uniform distribution of the cells and obtain a better
estimation for the cell content in the culture. In addition, placing the cuvette sample inside
the cells should be fast, as the cells will settle down, and the absorbance measurement will
not be precise.

To determine the biomass and to prepare a calibration curve between biomass and
absorbance, the original sample of D. salina with salinity of 50 g/L was diluted into
different concentrations. The OD of 1 mL from each sample was determined using the
same procedure at wavelength of 660 nm. Thus, 10 mL of the culture were taken and
centrifuged at 5000 rpm for 15 min [36]. The supernatant was carefully removed from
the centrifuge tubes. Afterwards, the biomass pellet was washed with distilled water and
centrifuged again. The supernatant was removed, the pellet washed again and centrifuged.
The biomass was dried at 105 °C and weighed until a constant weight was reached. The
final weight of biomass was plotted against the absorbance. Figure 1 shows the calibration
curve between biomass and absorbance.

1.8
1.6
1.4
1.2

1

0.8

0.6 y =1.361x + 0.0066
R*=0.976

Biomass
mg/ml

0.4
0.2

0
0 0.2 0.4 0.6 0.8 1 1.2

Absorbance at 660 nm

Figure 1. Calibration curve between algae biomass and absorbance at 660 nm.

A Neubauer improved hemocytometer was used to determine the cell number of the
sample. To simplify cell counting and achieve higher accuracy, the cells were fixed with the
addition of formaldehyde. An amount of 10 uL was taken from the sample and placed in
each side of the hemocytometer. The number of cells was counted in the 4 chambers in the



Processes 2023, 11, 292

6 of 13

corner. Then, the average was taken and multiplied by the dilution factor and 10* to obtain
the real value of cell counting.

2.3. Inoculation and Cultivation Conditions

For pre-cultivation, 100 mL f/2 media was added to a 250 mL flask. Afterwards,
the flask was inoculated with 10 mL of D. salina strain culture. The flask was placed in
the incubator shaker at 27 °C and a rotation speed of 55 rpm until the stationary growth
phase was reached. Then, the preculture was used according to the following equation to
inoculate the experiments.

Vinokulum = (ODmitial X Vworking volume)/ ODprecultivation 4

After the readjustment of the initial optical density, the same starting conditions for
the experiments could be guaranteed. An initial optical density of 0.050 = 0.004 was chosen.
The average light intensity in the incubator was 3000 LUX.

2.4. Experiment Set-Up Downhill Simplex

The primary steps of the downhill simplex method are identical to the one size
simplex method. The vertexes of the first experiment series are ranked in decreasing order
of response from best to worst. In the next step, a new simplex is formed by reflecting the
worst vertex through the centroid of the remaining vertexes. The new vertex is calculated
and evaluated. Four different situations may arise depending on the value of the new
vertex, such as reflection, expansion and two different contractions [33]. This allows for
the rapid determination of the parameters to obtain the best results. The pH level and
the salt content has a great influence on the lag phase and the final biomass. These two
parameters are independent of each other but are nevertheless suitable for the simplex
method to shorten the lag phase and maximize the biomass. Therefore, the cultivation
flasks with different starting conditions were prepared. It is possible to start the experiment
at any point within the desired range of the parameters e.g., pH 4, 7 or 9 with salinities of
50 g/L or 100 g/L. During the application of the simplex algorithm, the following points
were analyzed, as shown in Table 5. Unfortunately, the vertex pH 11,100 g/L could not be
adequately analyzed because a lime was precipitated at this pH value. Therefore, the cells
died during inoculation under these conditions. The simplex algorithm was applied until
an optimum was found. The algorithm was stopped as soon as no significant differences
could be found in the final biomass. Simplex algorithm codes were written with Java
(detailed steps are not shown)

Table 5. Vertexes of the simplex method.

pH Salinity g/L
4 50
7 100
9 50
11 100
6.5 62.5
4.5 112.5
7.88 65.625
7.38 28.125
7.09 82.094

2.5. Adjusting pH

The initial pH values were adjusted between 3 to 10, with pH increments of 1 each
time by using the 1M HCl and 1M NaOH solution. The medium was set to 50 g NaCl per
liter. During the application of the simplex method, the most promising pH values were
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analyzed with varying salt content. To avoid contamination, 2 mL were taken daily, and
the pH value was determined from it to indicate the effect of D. salina on the pH values of
the culture over a period of 15 days.

2.6. Adjusting Salinity

To analyze the influence of salinity on D. salina, the salinity was adjusted to different
values with NaCl. Salinities of 35 g/L, 50 g/L 100 g/L, 150 g/L, 200 g/L and 250 g/L were
chosen, and the influence of salt content was tested in flasks The pH was adjusted to pH
value of 9.

During the application of the simplex method, the most promising salinity values
were analyzed with varying pH values.

2.7. Specific Growth Rate of D. salina

The kinetic model of the growth rate during the exponential phase has been deter-
mined. It has been calculated as a first order chemical reaction to obtain the number of
generated cells with time and obtain the doubling time of the cell. The specific growth rate
was calculated as follows:

M =In(X/Xo)/t )

where X is final number of cells, X is the initial number of cells, p is the specific growth
rate, and t is the time interval between the final number of cells and the initial number
of cells.

3. Results
3.1. Single Observation Experiments
3.1.1. Salinity

The results of different salinity-level experiments showed that the salinity has a great
influence on both the lag phase and the final biomass concentration. Neither too high nor
too low salt content is conducive to growth. As can be seen in Figure 2, the highest final
absorbance of 0.817 can be achieved at a salt concentration of 50 g/L, while the salinity of
35 g/L causes a decline in the growth behavior. However, with a further increase in salinity
above 50 g/L, the final biomass decreased again. Thus, at 100 g/L, a final absorbance of
0.711 was reached. Furthermore, at 150 g/L, only 0.488 absorbance was achieved. Moreover,
if the NaCl content exceeded 250 g/L, the growth of D. salina was no longer noticeable.
Similar behavior was observed by counting the cell number (per mL), as shown in Figure 2.

, L4 v |
i l— g
& 'Y
=) [}
= 08 L
? 6 Yot
o 04 Vs
02 [ m
0
012345678 9101112131415 012345678 9101112131415
DAYS DAYS
35g/L —@=50g/L 100g/L 35g/L ~@-50g/L 100g/L
150g /L —%=200g /L —@—250g/L #—150g/L —%—200g/L —@—250g/L

Figure 2. Influence of different salinities between 35 and 250 g/L on growth of D. salina with
light intensity of 3000 LUX and initial pH 9. The cultivation conditions were constant at 27 °C.
(left) Absorbance at 660 nm and (right) cell number per mL.
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3.12. pH

The influence of different initial pH values between 3 and 10 on the growth of D. salina
with light intensity of 3000 LUX and 50 g/L NaCl was studied. The pH at the beginning of
the cultivation has a profound influence on the final biomass and cell number. As shown in
Figure 3, the highest biomass could be reached by adjusting the initial pH of the cultivation
medium to 7 or 8. These pH values resulted in a final absorbance of 0.801 and 0.817,
respectively. However, a pH value of 9 guarantees a higher biomass than pH 10.

09 16
08 14
0.7 (=
- = 12
; 06 5 1
S05 =) '8
o~ > 0.8
& 04 g
%03 2540
<02 4
X 02
W oot ?®
0 0
012345678 9101112131415 012345678 9101112131415
DAYS DAYS
pH3 ~@-pH4 —a~pH5 =»pH6 pH3 pH4 pH3 pH6
~%=pH7 =@=pH8 ==pH9 ====pH 10 ~#=pH7 =@=pHS8 ===pH9 ====pH 10

Figure 3. Influence of different initial pH values between 3 and 10 on growth of D. salina at light
intensity of 3000 LUX and 50 g/L NaCl. The cultivation conditions were constant at 27 °C. (left) Ab-
sorbance at 660 nm and (right) cell number per mL.

The development of the pH value at different initial pH values when cultivating D.
salina with light intensity of 3000 LUX and 50 g/L NaCl was investigated. Figure 4 shows
that starting with a pH value higher than 4 causes the pH to be around the same range
after four days. However, for the growth of algae at different pH values such as (5, 6, 7 and
8), a slight increase in the growth, before it reaches a pH of around 8, can be observed.

11

10

PH VALUE

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
CULTIVATION TIME (DAY)

pH3 ==@==pH4 PHS5 ebee=pH 7 pH 8 Mo DH 9 =l pH 10 emmsmempH 6

Figure 4. Development of the pH value at different initial pH values when cultivating D. salina at
light intensity of 3000 LUX and 50 g/L NaCl.
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3.2. Downbhill Simplex

The optimization of the salt content and the initial pH level led to an optimum near
the expected range found in the single observation of these parameters. As shown in
Figure 5, the vertexes pH 6.5/salinity 62.5 g/L and pH 7.875/salinity 65.625 g/L led to
the best result. The final absorbance at these two points was 0.901 and 0.885. All other
points resulted in lower finals absorbances. The results of the tests in Figures 3 and 4 are
confirmed; these results suggest an optimum pH value between 7 and 8 and an optimum
salt content between 50 g/L and 100 g/L.

0.9 i 1.8
= 16
T x 1.4
Z 0 512
=z e le
= = 1
2 z 08
= =5 06
O 04
0
012345678 910111213141516 012345678 910111213141516
DAYS DAYS
pH 5, 50g/L pH 7, 100g/L pH 5, 50g/L @-pH 7, 100g/1
pH 6.5, 62.5g/L pH Y, S0g/L pH 6.5 62.5g/L
pl145,112.5g/L —pl17.875, 65.625g/1 »—pH 45, 112.5g/L @—pH 7.875, 65.625g/1
——pH 7375, 28 125g/L —=—pH 7.093, 82 03g/L ——pH 7 375,28 125g/L ——pH 7.093, 82 03g/L

Figure 5. Optimization of pH and salinity using simplex method with constant light intensity of
3000 LUX against days. The cultivation conditions were constant at 27 °C. (left) Absorbance at
660 nm and (right) cell number per mL.

4. Discussion

For the economic cultivation of D. salina, a large biomass must be generated in a short
time. It was observed that different salinities and pH levels have a big influence on both
the lag phase and the final biomass. An optimum of the salt content was assumed to be
between 50 g/L and 100 g/L, and an optimum of the pH value was assumed to be between
7 and 8. This assumption was confirmed by the simplex method, in which both the pH
value and the salt content were varied simultaneously. An average of the two best points
showed an optimal result at 64 g/L and pH 7.2.

The results indicate that a certain ion concentration and osmotic pressure are optimal
for growth. This optimum seems to be located between 50 g/L and 100 g/L. This result is
confirmed by Farhat et al., who found an optimum between 17% and 21% of saturation
(6575 g/L) [37]. The NaCl content affects the water activity, ionic strength and osmotic
pressure. Photosynthesis of algae is inhibited by osmotic stress. Although the ability
to respond immediately to a change in the osmotic environment is a prerequisite that
enables the algal cells to survive the change, the next step is the ability of the cells to adapt
and establish a new steady state of growth [38]. D. salina can withstand high salinity by
increasing the glycerol composition in the cell [39]. It was found that glycerol forms up to
50% of the dry weight when it is cultivated in high salinity conditions [7]. The 3-carotene
content also increases [38], which also became visible during cultivation in the flask due to
a color change to deep red.

The results showed that a pH of 6 leads to a better biomass in comparison to pH of
5, whereas no growth was appreciable when the cultivation of D. salina was at a pH of 4.
The cells died after 7 days if the initial pH of the medium was 3. The initial pH especially
affects the lag phase. For instance, at a pH of 9, no lag phase is recognizable, but at a pH
value of 4, the algae remained in the lag phase. The lag phase lasts 1 day ata pH of 6,7, 8
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and 10. Nevertheless, lag phase of 2 days was observed when the D. salina was cultivated
at a pH value of 5 or 2. These results can be shown in Figure 3.

Figure 4 demonstrates the final pH will be almost the same for cultures that started
with different pH values (e.g., above pH = 4). This can be explained by the fact that algae
absorb CO,, and the pH increases as a result [40]. This effect occurs mainly in the log
phase, in which a substantial amount of CO; is absorbed. The reason why the initial pH of
10 falls so fast is that CO, dissociates into the liquid. Low pH values are stressful for D.
salina. When starting with a pH of 5, the final biomass is lower than at higher pH values.
However, at the end of cultivation, the pH is almost the same as indicated in Figure 3. D.
salina changes the pH value by glycerol production [38]. At the beginning of cultivation,
enzymes are synthesized that can impede the growth in the log phase. According to [41],
the behavior can be explained by the fact that microorganisms are inhibited by free -H*
ions and undissociated acids. Undissociated acids can pass through the lipid-containing
membrane and enter the interior of the microorganisms. Its inhibitory effect is based on
acidification of the cell interior and/or inhibition of metabolic processes and metabolic
transport [41]. A further explanation is the difference of the carbon source at different pH
values. With increasing pH value, the dissolved carbon form changes from CO, to HCO3;~
to CO3.The preferred inorganic carbon source is different for each alga. However, CO; is
more advantageous in terms of energy efficiency [41].

The obtained results agree with those of [41], who found an optimal pH value between
seven and eight. However, they disprove the statement of [38], who claims that D. salina
survives pH values from 0 to 11. This phenomenon could be due to the fact that it makes
a difference whether the algae are slowly brought to extreme pH values step by step or
whether one shocks them directly from neutral pH values.

Regarding the downhill simplex method, it must be mentioned that there was often
convergence in unfavorable areas. For example, the algorithm converts two times to the
edge regions at pH value of 11 and pH value of 4.5), where it was obvious in advance that
these both pH values produce unsatisfactory results. Nonetheless, the algorithm converged
to a maximum at the end.

Figure 5 reveals that although there is such a large difference between 6.5 and 7.875
and the salinity only differed by 3.125 g/L, nearly the same final absorbance was obtained.
This result may be because the salt content reaches a threshold value which causes an
ionic strength or osmotic pressure, which has a negative effect on the cell. To examine this
assumption, further investigations from biological aspects have to be followed up.

Moreover, the results of the simplex method confirm the results shown in Figures 3 and 4,
i.e., an optimum pH value between 7 and 8 and an optimum salt content between 50 g/L
and 100 g/L. The result found corresponds also to that of other references. Dubinsky and
Rotem [42] found an optimum for pH at 7 for D. salina. The results found using the simplex
method indicate an optimum between 6.5 and 7.875. This equals the mean value 7.19.
Farhat et al. lists 65 to 75 g/L as the optimum salt content [37]. The found results using
the simplex method indicate an optimum between 62.5 and 65.625 g/L. This equals the
mean value of 64 g/L. The results obtained come remarkably close to the results of other
scientists and confirm them [7,37].

This leads to the conclusion that even with independent parameters, the simplex
method leads to a satisfactory result and drastically reduces the number of required ex-
periments. In the single observation of both parameters, 14 experiments were necessary,
whereas only eight runs were required to find the optima by using the simplex method.
Figure 6 shows the results of experiments by using the simplex method.

The large fluctuations when the hemocytometer was used indicate that biomass
determination by spectrophotometer is much more reliable and should be preferred.

To achieve optimal growth, a pH value between 7 and 8 should be aimed for. To
reduce contamination, extreme pH values such as 3 can be used at times but for not longer
than 7 days.
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It is remarkably difficult to vary one parameter while others remain constant in
biotechnology. The simplex method has, therefore, proved to be advantageous. The large
diversity of the phenotypes makes reliable prediction difficult. The extent to which the
results obtained prove to be successful in scale-up must now be further researched.

=081 m0.6-08
=04-06 =0.2-04

= 0-0.2

Absorbance at 660nm

N
v
=}

Salinity g/L

Figure 6. pH and salinity optimization by using simplex method at constant light intensity of
3000 LUX and constant cultivation temperature of 27 °C.
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