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Research Article

CO3, utilization in the production of biomass
and biocompounds by three different
microalgae

The atmospheric CO, increase is considered the main cause of global warming.
Microalgae are photosynthetic microorganisms that can help in CO, mitigation
and at the same time produce value-added compounds. In this study, Scenedesmus
obliquus, Chlorella vulgaris, and Chlorella protothecoides were cultivated under 0.035
(air), 5 and 10% (v/v) of CO, concentrations in air to evaluate the performance of
the microalgae in terms of kinetic growth parameters, theoretical CO, biofixation
rate, and biomass composition. Among the microalgae studied, S. obliquus presented
the highest values of specific growth rate (1 = 1.28 d~!), maximum productivities
(Pmax = 0.28 g L7'd™!), and theoretical CO, biofixation rates (0.56 g L~'d™!) at
10% CO,. The highest oil content was found at 5% CO,, and the fatty acid profile
was not influenced by the concentration of CO, in the inflow gas mixture and was in
compliance with EN 14214, being suitable for biodiesel purposes. The impact of the
CO; on S. obliquus cells’ viability/cell membrane integrity evaluated by the in-line
flow cytometry is quite innovative and fast, and revealed that 86.4% of the cells were
damaged/permeabilized in cultures without the addition of CO,.
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considerable storage space and have high operational, monitor-
ing, and maintenance costs and raise serious concerns about

The increasinglevels of CO, in the atmosphere are considered the
main cause of global warming and climate change [1,2].In 2015,
CO, concentrations surpassed 400 mg L', which could start be-
ing “dangerous” and highly destructive to the world’s global cli-
mate [3]. In order to reduce the CO, load from the atmosphere,
several technologies of carbon sequestration and storage have
been developed (physicochemical, adsorption, membrane tech-
nology, cryogenic fraction, injection into deep oceans/geological
formations, etc.) [4]. However, most of these methods require
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possible CO, leakage over time [5].

Phototrophic carbon biofixation through microalgae culti-
vation is a potential and sustainable alternative to mitigate CO,
in the atmosphere and, at the same time, produce high value-
added biomass that could be of environmental and economicim-
portance [6]. Photosynthetic microorganisms, such as microal-
gae and cyanobacteria, use photosynthesis to harness sunlight
and fix the inorganic carbon from the atmosphere or another
source, which is then converted into biomass, and assimilated
in the form of carbohydrate, lipids, and/or proteins [7]. When
compared to terrestrial plants, microalgae/cyanobacteria have a
higher photosynthetic efficiency, as they can grow 10-50 times
faster [8], meaning a much higher CO, mitigation. Further-
more, microalgae are valuable source of high-value products,
such as biopolymers, natural colorants (pigments), polyunsatu-
rated fatty acids (PUFAs), therapeutic substances, and oils/sugars
to produce biofuels [8-12]. The combination of CO, biofixation
with high-value products and/or biofuel production is seen as a
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sustainable process and very promising alternative to other CO,
mitigation strategies. According to the literature (e.g., [13-15]),
Scenedesmus obliquus, Chlorella vulgaris, and Chlorella protothe-
coides have been identified as promising candidates to miti-
gate significant quantities of CO, concomitantly with the ac-
cumulation of considerable amount of lipids and value-added
compounds. Since CO, assimilation by microalgae is related
to cell growth, the CO, biofixation ability is species depen-
dent [16]. However, some authors claimed that CO, aeration
above 5% could be harmful to microalgae cells [17], while oth-
ers showed an exceptional tolerance to high CO, concentrations
up to 40% [18,19].

In this work, S. obliquus, C. vulgaris, and C. protothecoides
were cultivated under different CO, concentrations: 0.035 (air),
5 and 10% (v/v) in air, in order to choose the best microalga
in terms of specific growth rate, average biomass productivity,
theoretical CO, biofixation, as well as oil and fatty acid (content
and profile), to be used for biodiesel production. The pigment
accumulation (total chlorophyll, beta-carotene, and lutein) was
also evaluated for potential economic valorization of the whole
CO, biomitigation system.

A more detailed study was performed with S. obliquus in-
cluding the use of lower (2.5%) and higher (15%) CO, concen-
trations, since this microalga had the best performance. Flow
cytometry was used to evaluate the impact of different CO, per-
centages on S. obliquus cell viability/membrane integrity.

2 Materials and methods
2.1 Microorganism and growth medium

The microalgae species used for this study were S. obliquus,
strain ACOI 204/07, obtained from the Algae Collection from
Coimbra’s University; C. vulgaris, strain 58, isolated by INETI
(Lisbon, Portugal), and C. protothecoides, strain 25, provided by
UTEX Collection (Texas University of Austin, USA).

Bristol’s medium was used to grow S. obliquus and Chlorella
medium was used to grow Chlorellasp. and C. protothecoides[20].
The media were previously sterilized by autoclaving at 121°C,
2 bar over 20 min.

The inoculum volume was 1/10 of the total volume of the
photobioreactor (PBR).

2.2 Photobioreactor and operation

All experiments were carried out in glass bubble column PBR
(1L). Each PBR was operated on batch mode, over 15 days, under
~28°C, and with an artificial light source (Photosynthetic Pho-
ton Flux Density-PPFD =74 umol m™ s™! [photosynthetically
active radiation—PAR]) provided by three fluorescent lamps
(TL-D 18 w/54-765, Philips Co.) of 18 W placed on two op-
posite sides of the PBR. Different CO, concentrations (5 and
10% (v/v)) were supplied to the PBR, at 1 vvm feeding rate. The
gas flow rate was regulated by the flow meter and the gas com-
position, according to the CO, percent chosen, was regulated
by a gas mixer (Map Mixer 9001 ME, PBI Dansensor) coupled
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to 10 L pressure tank connected to a CO, bottle (99.9% pu-
rity). The inlet and outlet air was measured by a self-contained
nondispersive infrared CO, sensor complete with infrared
source and dual wavelength filter (model Checkmate II, PBI
Dansensor).

For S. obliquus 2.5 (v/v) and 15% (v/v) CO, were also tested.

All the experiments were performed in duplicate and
the results are expressed as average £ SD. Control assays
were carried out using air (0.035% CO,) without any CO,
supplementation.

2.3 Determination of microalgae biomass growth

The microalgal biomass growth was evaluated by measuring
OD (A = 540 nm; Hitachi U-2000) and dry weight using
glass fiber filters (GF/C, 47 mm, Whatman) dried at 80°C
overnight.

2.4 Determination of growth kinetic parameters and
CO, biofixation rate

The growth kinetic parameters evaluated were the specific
growth rate (i), the average biomass productivity (P.), and
the theoretical CO, fixation rate (PCO,).

The specific growth rate (d7!) was calculated according to
Eq. (1):

pdh) =——= (1)

where X, and X, are the dry weight cell concentrations (g L"),
at the beginning, #), (d) and at the end of the exponential growth
phase, £, (d), respectively.

To calculate the average biomass productivity (P.s) Eq. (2)
was used:

Po (g1 = S X0 @
ti— 1t

where X, is the maximum dry weight cell concentration
(gL7") atthe time # (time when the dry weight cell concentration
was maximum) and X, is the dry weight cell concentration at
the beginning of cultivation time (), d7").

The average theoretical CO, biofixation rate (PCO,) was cal-
culated based on Eq.(3):

PCO, (gL'd ") =P, x 1.88 (3)
or,
%CO,utilizationefficiency = PCO,/inputCO, (4)

where P,,, denotes the average biomass productivity
(g L7! d7!) that was calculated based on Eq. (2). The value
1.88 represents the theoretical value of CO, biofixated (g g7'),
assuming general COg4H1.83No.11Po.o1 [21].

The percentage of CO, utilization efficiency is calculated
based on Eq. (4), where PCO, is the average theoretical
CO, biofixation rate (g L™' d7') and input CO,, is the
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amount of CO, present in the air-mixture supplied to the
culture (g L7 d").

2.5 Analytical methods

2.5.1  Cellular viability

Flow cytometry (FACScalibur, Becton Dickinson, USA) was used
to evaluate the cellular viability/cell membrane integrity during
S. obliquus cultivations at different CO, levels. Propidium io-
dide (PI) was used to distinguish permeable from nonpermeable
cells. PI is known to stain nucleic acids in cells characterized
by defective membrane integrity [22] and was read in the FL2
channel (585/42 nm). Before staining S. obliquus samples with
PI, cells were run in the flow cytometer for autofluorescence
analysis. A region was established to define the cell autofluores-
cence population. After staining with PI, the cells that increased
their fluorescence in the FL2 channel, moving away from the aut-
ofluorescence region, were considered as stained with PI (PI+),
thus having injured membrane (permeabilized cells). Cells that
remained in the autofluorescence region were considered as not
stained with PI (PI—), thus having intact membrane (intact
cells).

A number of positive controls were carried out, induc-
ing membrane permeabilization, by ethanol (75%, v/v) and
heat (boiling water) treatments. For ethanol treatment, 1 mL
ethanol (75%, v/v) was added to centrifuge S. obliquus cells
(9503 x g Heraeus Biofuge 15 centrifuge, Hong-Kong). Af-
ter 1-min incubation, cells were washed, resuspended in PBS
(pH 7.0) and analyzed in the flow cytometer, after PI stain-
ing. For heat treatment, cells were incubated in a water boiling
bath for 15 min. Afterwards they were diluted in PBS solution,
stained with PI, and analyzed. These controls were then used
for further comparison with data obtained from the microalgal
cultivations.

Fresh samples were collected from the PBR in each experi-
ment and subjected to an ultrasound bath (Transsonic T660/H,
Elma, Spain) for 10 s. Before analyzing, cells were diluted in
PBS to attain 800-1000 events/s. 2.5 uL of PI (stock solution
1 mg mL™") were added to 497.5 uL of the diluted sample,
totaling a 500 L volume.

2.5.2  Lipid extraction and analysis of fatty acid profile

After the experiments were completed, each biomass was recov-
ered by centrifugation at 10 000 rpm and 4°C for over 10 min
(Centrifuge model Heraeus Multifuge 3S R+, Thermo Scientific,
Whaltman), followed by freeze drying for over 24 h. Lipid ex-
traction was performed by direct transesterification to fatty acid
methyl esters (FAMEs) using the Lepage and Roy method [23],
using heptadecanoic acid (C17:0) as internal standard. The lipid
profile was analyzed by GC (Scion GC-436, Bruker, Germany)
equipped with SUPELCOWAX 10 (Supelcowax, Bellafonte, Palo
Alto, CA) 30-m capillary column (0.32 mm of internal diam-
eter and 0.25 pum of film thickness). The carrier gas (Helium)
was kept at a constant rate of 1.6 mL min~'. The column was
programmed at an initial temperature of 200°C for over 20 min,
then increased by 2°C min™! to 220°C and held over 14 min.
The injector and detector temperatures were 250 and 280°C,
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respectively, and split ratio was 1:20 for 5 min and 1:10 for the
remaining time. The column pressure was 13.5 psi.

FAMEs were identified by comparison of the retention times
of the samples peaks with that of standard FAMEs mixture
(Sigma). Fatty acid composition was calculated as a percent-
age of the total fatty acids present in the sample, determined
from the peak areas proportional to total area. The biomass total
oil content was calculated according to Eq. (5):

% oil content (w,/w,) = x 100 (5)

Msample
where ¢A is the sum of the areas of all peaks; A,; the area corre-
sponding to the internal standard (C17:0); m,,; (mg) the mass of
internal standard, and #1g,mpi. (mg) is the mass of the microalgae
sample.

2.5.3  Pigment extraction and quantification
In a test tube was weighted 10 mg of microalgae dried sample and
was added roughly 0.7 g of glass beads and 2 mL of acetone (90%).
The tube was covered by aluminum foil, then was vigorously
homogenized in a vortex over 2 min, cooled with an ice bath
(2 min), and centrifuged (Sigma Sartorius 2—6E) at 3900 rpm
over 10 min. The extract was poured into another tube. The
whole process was repeated until the extract and the biomass
become colorless.

The quantification of total chlorophyll content was estimated
based on Ritchie’s equations [24] (Egs. (6) and (7)):

Chlorophyll a (mg g™!) = —0.3319 Agsp — 1.7485 Agy7

+11.944 Age — 1.4306 Aoy (©)

Chlorophyll b (mg g™') = —1.2825 Ag30+19.8839 Agyy

—4.886A664 — 2.3416 Agor )

where Agz0, Asa7s Agsar Agor 1s the absorbance at 630, 647, 664,
and 691 of wavelength (nm), respectively.

The identification and quantification of the pigments on the
extracts were performed on a Hewlett-Packard HP-1100 series
liquid chromatograph (Hewlett-Packard, Waldrom, Germany).
The HPLC was equipped with a Vydac C18 TP54 reversed-phase
column (250 x 4.6 mm p-bondapack) and a UV—Vis detector, set
on the wavelength relative to the maximum of absorbance found
for each pigment (A = 450 nm for lutein and beta-carotene). The
eluent used was methanol (100%). The pigments were eluted
over 20 min with a flow rate of I mL min~! and column pressure
of 52 bars. Before the injection, all extract samples were filtered
through a PTFE filter syringe (membrane solutions) of 0.22 um
of pore size and 13 mm of diameter to a vial.

2.5.4  Statistical analysis

Statistical analysis was conducted by analysis of variance
(ANOVA), post hoc comparisons, Scheffé test, run by the pro-
gram Statistica 8.0 (Statsoft). The statistical significance was eval-
uated by estimation of the descriptive level (p), being the results
considered statistically significant when p < 0.05 (confidence
level >95%).
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Figure 1. Growth curves of the
cultures of (A) Scenedesmus
obliquus, (B) Chlorella vulgaris,
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3 Results and discussion

3.1 Microalgae (S. obliquus, C. vulgaris, C.
protothecoides) growth in response to CO, supply

Figure 1 presents the growth curves (OD; _ 549 nm) for the three
microalgae under the three CO, concentrations (air, 5 and 10%
CO, addition), at an aeration rate of 1.0 vvm. The cultures
showed a better performance under CO,-enriched air condi-
tions, to an extent which is species dependent.

Previous researches showed that the concentration of CO,
aeration above 5% could be harmful to microalgal cells and in-
hibit the microalgal growth [17]. On the other hand, Iwasaki
et al. [18] and Murakami and Ikenouchi [19] showed an ex-
ceptional tolerance to high CO, concentration of up to 40%
by a marine Chlorococcum littorale alga. De Morais and Costa
[13] also reported the microalgae S. obliquus, C. kessleri, and
Spirulina sp. also exhibited good tolerance up to 18% CO,,
indicating their great potentials for CO, fixation from CO,-
rich streams. However, it is well documented that preadapting
cells at a low concentration of CO, is an alternative approach
to increase CO, tolerance without effects during microalgal
growth [14].

Figure 2 shows the influence of CO, on specific growth rate
(i), average biomass productivity (P,), and theoretical CO,
biofixation (PCO,).

Considering the specific growth rate (Fig. 2A), it was ob-
served that S. obliquus led to the highest result for 10% (v/v)
CO,-enriched air, with 1.28 d~'. This good performance was
in tandem with the increased average productivities (0.28 g L™
d™!) (Fig. 2B), and theoretical CO, biofixation rates (0.53 g CO,
L' d7!) (Fig. 2C) for this microalga.

De Morais and Costa [25] reported that S. obliquus could
grow with up to 18% CO,, with a j;,,x obtained of 0.26 and

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and (C) Chlorella protothecoides
(= 28°C; 74 umol photons m~2
s7'; 1 vwwm) subjected to differ-
ent CO, concentrations tested:
(Air (2); 5% CO, (2) 10% CO,
(2)). Vertical bars represent SDs
between the average of two du-
plicates.

0.25 d~! for both 6% and 12% (v/v) CO,-enriched air, while the
maximum cell concentration was 1.14 and 1.12 g dry cell weight
L', respectively. In these conditions, the Py, was 0.09 and
0.08 g~! d~! with 6 and 12% CO,, respectively, which is much
lower compared to the results obtained in this work (Table 1).

Under 5% CO, (v/v) S. obliquus reached the highest values
of either average productivity, carbon dioxide biofixation, or oil
content, proving its robustness in the presence of CO, concen-
trations higher than 0.035% (Fig. 2B-D).

In general, S. obliqguus had a better performance in terms of
specific growth rates, maximum biomass concentration, aver-
age biomass productivity, and CO, biofixation rate with CO,-
enriched air, thus this microalga was selected for further studies
(2.5 and 15% CO,-enriched air).

The increase of specific growth rate () with CO, enrich-
ment is in agreement with Lam and Lee [26] who found that
C. vulgaris biomass increased by 44.9%, from air (0.035%) to
air enriched with 5% (v/v) CO,. This result is corroborated by
Zheng et al. [27] and Nayak et al. [28] who also found a higher
biomass productivity and lipid productivity. The decrease of the
w registered for C. vulgaris under 10% CO, concentration (u =
0.41d7') could be explained by the CO, saturation present in the
medium. In fact, the Chlorella media were supplemented with
0.5 g L™! NaHCO; (~0.36 g L™' CO,), besides the additional
CO;,-enriched air. Possibly, under these conditions, C. vulgaris
can suppress its CO, needs and the CO, uptake can decrease,
leading to a decline on microalgal growth rate [29].

The values of kinetics parameters presented in Table 1 are
higher than those reported by Ho et al. [30] who studied
S. obliquus CNW-N growth under various CO, feeding con-
centrations and found a maximum p = 1.19 d™! (achieved at
10% CO,). De Morais [13,25] also reported for S. obliquusa spe-
cific growth rate about seven times lower, when the microalgae
was grown under 6 and 12% CO,.
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Table 1. Scenedesmus obliquus kinetic parameters cultivated at different CO, concentrations
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Figure 2. Representation of
(A) specific growth rate (d7"),
(B) average productivity
(g L7" d™"), (C) CO; biofixation
rate (gCO; L' d7"), (D) oil
content (%, w/w), (E) total
chlorophyll content (ug/mg),
(F)  beta-carotene  content
(mg/mg), (G) lutein content
(mg/mg) from the cultures of
Scenedesmus obliquus, Chlorella
vulgaris, and Chlorella protothe-
coides (=28°C; 74 umol photons
m~2 s71; 1 vvm), subjected to
the tested CO, concentrations:
Air (2); 5% (v/v) CO;, (2); 10%
(v/v) COz (2). Vertical bars
represent SDs.

CO; (viv) u (dh) Xmax” (gL71) Pag® (gL71d ™) PCOY (gCO, L1 d ™)
Control 0.98 +£0.26 1.99 £ 0.05 0.14 £0.05 0.26 £ 0.05
2.5% CO, 1.39 £0.02 3.23 £ 0.00 0.21 £ 0.00 0.40 £ 0.00
5% CO; 1.01 £0.32 3.2140.21 0.27 +0.02 0.50 4 0.02
10% CO, 1.28 £0.11 2.80 £0.47 0.28 £ 0.04 0.53 £ 0.04
15% CO, 0.93 4+ 0.00 2.51 +0.04 0.25 4+ 0.04 0.47 4+ 0.04

3y, = specific growth rate.

b) X ax = maximum biomass concentration.
o P,yg = average biomass productivity.
dPCO, = theoretical CO, biofixation rate.

The maximum biomass concentrations were observed for
the experiments at 2.5 and 5% (~3.2 g L™!; Table 1) and the
maximum average productivity was achieved under 10% (v/v)
CO, concentration (0.28 g L™' d~!, Table 1). According to Ho
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etal. [30], S. obliquus CNW-N growth under 10% CO, attained
the maximum biomass concentration of 3.51 g L™! and biomass
productivity of 0.29 g L™! d™!, slightly higher than those here
reported for S. obliqguus ACOI 204/07.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3.2 Microalgae biomass oil and pigment content

The contents of oil, total chlorophyll, beta-carotene, lutein, as
well as, the fatty acid profile were evaluated, in order to ana-
lyze the influence of the CO, on the microalga composition.
This study aimed the economical valorization of the produced
biomass.

Oils are the most desirable component for biodiesel produc-
tion (e.g., [8,30,31]).

Scenedesmus obliquus presented the higher oil content espe-
cially when 5% CO,-enriched air was supplied (22.5% oil wt.)
(Fig. 2D). However, the lipid productivity seems to not have a
direct correlation with CO, concentration (p > 0.05).

Chlorella protothecoides exhibited a value of 10.8% (w w™!)
for lipids under 10% (v/v) CO,-enriched air. It is well reported
that C. protothecoides is a mixotrophic microalga, that can grow
photoautotrophically or heterotrophically. Under heterotrophic
conditions, this microalga can reach up to 55.2% (w w™') dry
weight lipid content as compared to 14.6% (w w™!) in au-
totrophic cells [32].

The effect of CO, concentrations on the total chlorophyll
and their major carotenoids (beta-carotene and lutein) con-
tents, for the three microalgae, was investigated (Fig. 2E, 2F
and 2G, respectively). The total chlorophyll content ranged be-
tween 0.7 (C. protothecoides (5% (v/v) CO,)) and 23.9 mg g~
(C. vulgaris (10%, v/v, CO,)). Scenedesmus obliquus showed the
lower values. This microalga, generally does not present great
amounts of chlorophyll, despite displaying the highest light har-
vesting performance (Fig. 2E) that are typical values for these
microalgae [31-33].

Thereafter, for C. vulgaris it was verified a slightly increas-
ing trend on the total chlorophyll content, with the increase of
CO,. Apparently, this strain was more capable of using car-
bon for pigment accumulation instead of the production of
storage compounds, such as lipids, in the tested conditions. In
fact, the C. vulgaris chlorophyll content is one of the highest in
nature [34].

Beta-carotene stood out with low values (Fig. 2F) and lutein
ranged between 0.01 (C. vulgaris (air)) and 5.3 mg g~' (C.
protothecoides [air]). The lutein concentration barely overcame
1 mgg™! for S. obliquus and C. vulgaris and the influence of CO,
seems to be negligible. The CO, supplementation on C. protothe-
coides had a positive influence on the lutein content; however,
the control culture presented the best value (5.33 mg g™").

The low content of pigments in the different trials of this
work is an expected result as it is well documented that high
salinity, stress temperature, high light intensity, and nutrient
limitation (mainly nitrogen) trigger carotenoids accumulation
(e.g., [31,33]). These induction factors were not imposed in the
present work.

Regarding beta-carotene, it was not reported, so far, an in-
fluence of CO, on its accumulation. The lutein content in this
work ranged from 0.01 to 5.33 mg g™', and literature, indicates
values of 3.4 to 4.6 mg g~' [31,35]. The value of 4.10 mg g~ is
the best value obtained in autotrophic growth at laboratory scale
for C. protothecoides [31] slightly lower compared to the result
obtained in this study.

In an overall, S. obliquus seems to be more efficient in ac-
cumulating lipids, whereas C. vulgaris is better to synthetize

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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chlorophylls and beta-carotene, and C. protothecoides to syn-
thetize lutein.

3.3 Scenedesmus obliquus—Effect of CO, level on
growth kinetics and biomass profile. Cell
viability/membrane integrity

As S. obliquus showed the best results, a more detailed study
was performed also with 2.5 and 15% CO,. The growth and
biomass average productivity, cell viability (accessorized by flow
cytometry), oil content, and fatty acid profile were also evaluated.

3.3.1 CO, level

Figure 3 presents S. obliquus biomass growth and medium pH
along the time under the different tested CO, concentrations
and Table 1 shows the corresponding kinetic parameters.

S. obliquus cultures presented a similar growth pattern when
CO;,-enriched streams were applied. However, a slightly better
performance was detected for cultures under 2.5 and 5% (v/v)
CO, concentrations. It can also be noticed that S. obliquus seems
to have good tolerance under air supplemented with 15% CO,,
do not demanding any sort of pre-adaptation, which can be
important toward future applications of this microalga for CO,
biofixation in real flue gases.

All the assays attained the stationary phase at t = 3 days
(Fig. 3A). The experiment at 15% CO, and the control assay
showed the lowest specific growth rates (0.93 d~' and 0.98 d°/,
respectively, Table 1). The experiments at 2.5% attained the high-
est specific growth rate (1.39 d™!) followed by 5 and 10% CO,
(1.01d"" and 1.28 d™', respectively, Table 1).

The maximum biomass concentrations were observed for
the experiments at 2.5 and 5% (~3.2 g L™!, Table 1) and the
maximum average productivity was achieved fewer than 10%
CO, concentration (0.28 g L™! d~!, Table 1).

The lowest biomass concentration and biomass productiv-
ity were observed for the control experiment (1.99 g L™! and
0.14 g L7' d7', respectively). This could be due to the medium
pH variation during the cultivations (Fig. 3C). In fact, while the
medium pH of all the cultivations supplied with CO,-enriched
air varied between 5.75 and 7.77, the control medium pH varied
between 6.54 (t = 0 days) and 10.45 (at t = 6 days), occurring
the biggest increase at t =5 days (from pH 8.0-10.4), when the
culture reached the stationary phase.

The high increase of the pH of the control culture could be
due to a carbon limitation. Only a slightly increase during the
assays with CO,-enriched air was observed, indicating that the
available carbon was sufficient to control the pH. In fact, most
algal growth occurs in the region near neutral pH, which could
explain the highest specific growth rate observed for the trials
conducted at 2.5% CO, as the medium pH was almost constant
(~7.30) during most of the cultivation time course (Fig. 3C).

The low specific growth rate and maximum biomass concen-
tration found for the experiment at 15% CO, could be due to the
carbon excess that could have inhibited the microalgal growth.

Since microalgae use CO, as a nutrient source, it was expected
that growth with higher CO, concentration in the gas mixture,
would increase their growth performance. However, S. obliquus
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seems to prefer CO, intermediate levels: 2.5 and 5% (v/v) to
grow but also had a good development under higher CO, con-
centrations. This was reported by several researchers who sorted
out that Chlorella sp., Nannochloropsis oculata, Dunaliella terti-
clecta, and S. obliquus had optimal growth potential in the range
of 2-6% CO,, and the growth was decreased by increasing CO,
levels [1,36].

The theoretical CO, biofixation rate ranged between 0.26 and
0.53 g CO, L™'d"! for all the experiments. Such results are within
those reported in various related studies [13, 37], although Ho
etal. [30] have reported a higher CO, removal rate for S. obliquus
CNW-N (5.5g CO, L71d™1).

The authors also tried different aeration rates (0.25, 0.5, 0.75
and 1 vvm) at 5% CO, (v/v) resulting specific growth rates,
biomass productivities, and CO, biofixation in the range of the
ones obtained previously, with a slightly decrease on biofixation
when the aeration rates increased (results not showed).

3.3.2 Biomass profile at different CO; levels

The oil content (w w™!) for S. obliquus was accessed (Table 2),
as well as its fatty acid profile, under the different CO, tested
concentrations (Table 2). In this study, the higher final oil values
were obtained for 2.5 and 5% CO, tested concentrations, with
26.3 and 22.4%, w w!, respectively, although no significant
differences (p > 0.05) were detected.

In addition to establish the oil content from microalgae cul-
tures, it is equally important to obtain an appropriate compo-
sition of fatty acid profiles, as they have a strong effect on the
quality of the biodiesel produced. Table 2 depicted the compo-
sition of the major fatty acids from the cultures with different
CO, concentrations.

Gas chromatography revealed that C16:0 (palmitic acid),
C18:1 (oleicacid), and C18:2 (linoleic acid) were the main known
fatty acids present in the S. obliquus along the tested CO, con-
centrations. The results showed that there were no significant
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Figure 3. Natural logarithm
of (A) dry weight, (B) dry
weight, and (C) medium pH
of Scenedesmus obliquus cultiva-
tions at different CO, concentra-
tions.

changes in the fatty acid profiles, neither a perceptible trend,
under the different tested CO, concentrations.

Among the unsaturated fatty acids, special attention should
be paid in relation to the a-linolenic methyl ester (C18:3) and
polyunsaturated methyl esters (PUFAs, >4 double bonds) con-
tent due to the EN 14214 [38], that specifies limits of 12 and 1%,
respectively. a-Linoleic acid (C18:3), for all CO, concentrations,
assumed values under 12%, and do not present PUFAs. The
unsaturated fatty acids were the main components of the total
fatty acids for S. obliquus. The highest amount of unsaturated
fatty acids was obtained under 5% CO, (63.8%). Regarding EN
14214 [38], S. obliquus evidenced a good profile composition for
suitable biodiesel production, regardless CO, concentrations,
and the biodiesel produced would have low viscosity due to the
unsaturated fatty acids present.

Prior studies showed that high levels of CO, enhance the
production of polyunsaturated fatty acids such as C18:2 and
C18:3 [39,40].

However, it is essential to note that the low oil content ob-
tained in the studied conditions (often below 20%) was expected,
since microalgae CO, biofixation/supplementation leads to low
oil accumulation/synthesis. Several studies report that higher
lipid synthesis occurs when the productivity is low, due to (some)
stress(es) factor(s) (e.g., [8,31,41]). A two-stage production is a
common resource (beyond the scope of this study) [15].

3.3.3 Cell’s viability/membrane integrity at different
CO; levels

PI in association with flow cytometry was used to detect
S. obliquus cell’s viability/membrane integrity during the mi-
croalgal cultivations supplied with air streams enriched with
different CO, concentrations. A number of previous flow cy-
tometric controls were carried out using exponential growing
(healthy) cells and heat-treated cells with injured membrane
(Table 3), in order to ensure that S. obliquus stress response could
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Table 2. Fatty acid profile percentage (w w™') and total oil content percentage (w w™') of Scenedesmus obliquus biomass for the different
CO, concentrations percentage (v v™'). (Bold values: the more important fatty acids for each air/CO2 concentration)

CO; concentration % (v/v)

Fatty acid profile % (w/w) Air 2.5 7.5 10 15
C14:0 0.5 £ 0.1 0.3 £ 0.0 0.3 £ 0.1 0.3 £ 0.1 0.4 + 0.1 0.4 + 0.0
C16:0 247+ 1.3 24.9 £ 0.1 23.6 = 0.1 22.0 + 0.4 243 £ 14 25.8 = 0.1
Cl6:1 1.4 £ 0.1 1.4 £ 0.1 1.3 £ 0.3 1.9 £ 0.0 1.5 £ 0.3 1.1 £ 0.0
C18:0 22 £ 04 44 £ 0.1 34 + 0.2 33 £ 0.1 2.8 £ 04 3.3 £ 0.0
Cl18:1 42.8 + 3.8 40.1 + 0.3 428 £ 1.5 42.0 £ 0.5 41.6 £ 2.6 41.2 £ 0.2
C18:2 99 £ 1.3 12.6 = 0.1 10.3 £ 0.2 10.3 + 0.0 9.0 £ 1.4 9.1 £ 0.1
Cl18:3 8.7 £ 3.1 7.1 £ 0.2 94 £ 1.0 9.3 £ 0.1 9.7 £ 24 7.9 £ 0.1
C20:0 0.2 £ 0.1 0.6 £ 0.0 0.2 £ 0.0 0.2 £ 0.0 0.2 £ 0.1 0.7 £ 0.0
C20:1 0.1 £ 0.0 - - - - -
C22:0 0.1 £ 0.0 0.2 £ 0.0 0.2 £ 0.0 0.2 £ 0.0 0.2 £ 0.0 0.2 £ 0.0
C22:1 - 0.2 £ 0.1 - - 0.8 + 0.0
C24:0 0.1 £ 0.0 - - - -
Other 93 £ 1.3 82 £ 0.2 8.5 £ 0.1 10.5£ 0.7 10.3+£ 0.9 9.5 £ 0.1
Total oil content % (w/w) 19.6 + 3.4 26.3 £ 0.3 224 £+ 6.9 - 17.6 £ 2.3 20.3 £ 2.1
Table 3. Percentage of Scenedesmus obliquus cells with permeabi- 100 -
lized membrane, collected from exponential growing and heat- %
treated cultures (for flow cytometric controls) and from cultiva- 5
. . . £ 80+
tions conducted at different CO, concentrations, at the end of the g == Control
experiments E o ——2.50%
Samples Cells with g g ——5%
permeabilized g 10 0%
membrane (%) = =
g ~0-15%
Flow cytometric Exponential 43 £ 0.2 @ 20
controls growing culture 8
Heat-treated cells 97.0 + 4.8 0 : : :
Experiments 0% CO;, 86.4 £+ 4.3 0 2 4 6 8 10 12 14 16
2.5% CO, 6.7 £ 0.3 Time (days)
5% CO; 2.2 £ 0.1
10% CO, 1.5 + 0.1 Figure 4. Percentage of Scenedesmus obliquus cells with permeabi-
15% CO, 54 4+ 0.3 lized membrane grown at different CO, concentrations. Results

be monitored by flow cytometry in association with PI. These
flow cytometric controls were then used for further comparison
with data obtained from the microalgal cultivations.

Scenedesmus obliquus exponential growing culture showed
only 4.3% of cells with injured membrane. As expected, the heat
treatment induced massive S. obliquus cell membrane disrup-
tion. These preliminary flow cytometric control tests demon-
strated that flow cytometry in association with PI was able to
detect membrane integrity changes as a result of environmental
stress conditions. Table 3 and Fig. 4 also show the percentage
of permeabilized cells at the end of the experiments and along
the microalgal cultivations, respectively. The proportion of dam-
aged cells increased significantly for the control assay (0% CO,),
attaining 86.4% at the end of the cultivation (13 days).

The experiments supplied with CO,-enriched air displayed,
at the end of the cultivations, a percentage of permeabilized cells
that varied between 1.5 and 6.7%.

Despite the specific growth rate and maximum biomass con-
centration were lower for the tested 15% CO, (Table 1), the

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

represent the average value of two independent replicate with a
SD lower than 10%.

proportion of stressed cells was similar for all these experiments,
indicating that at 15 % CO, the cells did not experience stress or
adverse environment.

The difference between the proportion of permeabilized cells
found in the control and experiments supplied with CO,-
enriched air (Fig. 3) was attributed to the carbon limitation
that might have occurred in the control experience, resulting
in an extreme high pH medium (10.7) that induced a massive
membrane permeabilization. According to Vonshak [42], the
pH medium affects both gas absorption and nutrient availability
which, in turn, affects the cell metabolism. Lane and Burris [43]
reported that S. quadricauda could maintain its intracellular pH
close to neutrality at external pH values between 3.0 and 9.0. In
this work, the pH medium control attained values higher than
10.0 as a result of carbon depletion. At such pH, and without
carbon, it is likely that the cells could not generate enough energy
to maintain their homeostasis, leading to cell membrane damage
and, eventually, to cell death.
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4  Concluding remarks

Among the three microalga tested in this work, Scenedesmus
obliquus seems to be the most appropriate in terms of kinetic
growth parameters in addition to having a better oil accumula-
tion, which is economically important for biodiesel production
purposes.

Cultures supplemented with CO,-enriched air enhanced
growth kinetics (growth rates and productivities) and produced
considerably high oil yields (>20% w w™!, particularly under
5% (v/v) CO, concentrations).

Flow cytometry—an innovative approach to CO, mitigation
studies—revealed a high proportion of permeabilized cells in
the control assay, which could be due to the environmental pH
increase as a result of carbon depletion. The cultures supplied
with CO,-enriched air, revealed a low level of permeabilized cells
(below 7%). This highlighted the benefits of using CO,-enriched
air both at the cellular level and for biomass production. The fact
that S. obliquus did not show any need for a preadaptation to 15%
(v/v) CO, is important for future applications of this microalga
in real flue gases.

This work also highlighted the benefits of using flow cytom-
etry as a technique that could successfully differentiate cells that
were intact from those that had an injured membrane, allowing
for better microalgae screening for tolerance to high levels of
CO;,.

Practical application

Microalgae have a great potential to mitigate CO,, con-
tributing for the diminishing of the gases with greenhouse
effect, thus climate change and global warming. Besides,
their biomass could be used as a source of important high-
value compounds, namely pigments, to be used in sev-
eral industries, as well as a feedstock for the bioenergy
industry. The screening of microalgae in order to choose
the best one in terms of CO, mitigation concomitant with
an interesting biomass composition is fundamental. Flow
cytometry is an innovative technique to evaluate the cell
viability/membrane integrity allowing to a good and fast
in-line microalgae screening for tolerance to high levels of
CO,.
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