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Abstract

This study aimed to evaluate the influence of a magnetic field (MF) intensity of 25 mT on Chlorella fusca cultivation in
outdoor and indoor conditions, and evaluate the changes in the macromolecules, pigment content and protein profile. C.
fusca was cultivated for 15 d in raceway photobioreactor. MF was applied for 24 hd~" and 1 h d=!. In outdoor cultivation, MF
applied for 24 h d~! increased 23% in the biomass concentration, while indoor assays resulted in an increase in both modes,
with biomass production increasing between 70 and 85%. Biomass composition was altered when MF was applied for 1 h
d~!in indoor assays; the highest protein content was achieved (32.7%). Nitrate consumption was higher in outdoor assays,
while MF application did not alter the protein profile. The results showed that combining the outdoor conditions with MF

is advantageous, as higher biomass concentration can be achieved with lower energy expenditure.
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Introduction

Chlorella sp. is a unicellular eukaryotic green alga that has
been extensively studied. Chlorella fusca (C. fusca), which
belongs to the chlorophyceae phylum, can be found in
freshwater and marine environments and can exist as auto-
trophic, heterotrophic, mixotrophic or photoheterotrophic
[1]. The biomass obtained is typically rich in high-quality
proteins, vitamins, liposoluble compounds, glycolipids and
compounds used as food additives. However, is necessary
to evaluate the viability of outdoor cultivation systems for
the industrial production of microalgae products. The use
of sunlight and uncontrolled environmental conditions can
reduce the overall costs of the biomass production process
[2]. Raceway ponds or photobioreactors are open systems
that are commonly used for large-scale outdoor cultivation
due to their low construction and operational costs.
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Although several studies have been carried out on the cul-
tivation of microalgae in open systems, studies with C. fusca
are scarce. To cultivate in this way, it is important to under-
stand the variations in growth and metabolism between the
different modes of cultivation (outdoor and indoor) to deter-
mine the viability of outdoor cultivation of this microalga.

New techniques to increase biomass production have
recently been studied and the use of magnetic fields (MF)
has been shown as an alternative to increasing the produc-
tivity of microalgae biomass and the production of bio-
molecules. Microalgae studies have shown that MF effect
can alter protein content [3], lipid production [4], oxygen
production [5], growth rate [6], and CO, biofixation [7].
Besides, the increased growth of Chlorella fusca was previ-
ously discovered due to MF action in a closed system [7]
that aroused the interest to describe how the MF can act
in the cell in uncontrolled environmental conditions. The
use of MF in bioprocess can usually be stimulated under
particular conditions adopted in each assay [8] even if the
optimal conditions for the microalgae growth are used, such
as luminosity, temperature and photoperiod. In this context,
the aim of this study was to evaluate the influence of 25
mT magnetic field intensity applied at different exposure
times on the cultivation of Chlorella fusca LEB 111 in race-
way ponds, in outdoor and indoor conditions, as well as to
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evaluate the expressed changes in macromolecules, pigment
content and protein profile.

Material and methods
Microalga

The evaluated microalga was Chlorella fusca LEB 111 (C.
fusca) which was isolated from lakes near the President
Meédici Thermoelectricity Plant, located in Candiota, RS,
Brazil. The strain was obtained from a Collection of Cultures
in the Laboratory of Biochemical Engineering of the Federal
University of Rio Grande (FURG). The strain studied below
the genetic collection at the Aidar & Kutner Microorgan-
ism Bank (BMA&K) of the Oceanographic Institute of the
University of Sao Paulo (IOUSP), under registration number
BMAK-D14.

Cultivation conditions

Assays were performed on raceway photobioreactor (0.7 m
long, 0.18 m wide, 0.075 m depth and 4.5 L working vol-
ume) and mixed using paddle wheels turning at 24 revs
min_l. The initial biomass concentration was 0.3 g L' (6],
and the amount of inoculum necessary for that concentra-
tion was calculated based on the standard curve for this
microalga. C. fusca was maintained and cultivated in BG
11 medium [9]. The assays were performed in batch mode
for 15 d.

Outdoor cultivation

In outdoor cultivation mode (uncontrolled environmental
conditions), the assays were carried out between March and
April in a greenhouse covered with transparent film with
daylight sunlight (~ 300 pmolphotons m~2 s~!) and room
temperature (~34 °C).

Indoor cultivation

In the indoor cultivation mode, the assays were performed
in a thermostat chamber with the following working condi-
tions: a constant temperature of 30 °C, a 12 h light/dark
photoperiod and illumination provided by four fluorescent
tubes of 32 W, with 81.3 i irons M2 s~1. Evaporation of
water was controlled by adding distilled water daily, and the
cultures were performed in duplicate.

Use of magnetic fields in the assays

MFs were applied using six ferrite magnets
(150 x50 x 10 mm) coupled outside each raceway. A gauss
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meter (TLMP-HALL-05 k-TO, Brazil) placed inside the
photobioreactor at different points was used to measure the
intensity of the magnets. The mean intensity was 25 mT. MF
application was studied for two different exposure times,
24 hand 1 h d7!, respectively. In the outdoor mode, the
assays were performed at different periods, so that the envi-
ronmental conditions in each culture varied. Thus, it was
necessary to perform a control culture for each condition
studied (control/MF for 24 h d™! and control/MF for 1 hd™).
In the indoor assays, a control culture (without MF applica-
tion) was performed under similar conditions of temperature,
luminosity, photoperiod and initial biomass concentration as
the outdoor assays.

Biomass concentration and pH

Biomass concentration and pH were measured daily. The
biomass concentration (X, g L™!) was monitored by deter-
mining the absorbance (670 nm) in a UV-Vis spectropho-
tometer (QUIMIS Q998U, Brazil) in relation to the optical
density using the standard curve for C. fusca LEB 111. The
pH values were obtained directly using a digital pH meter
(QUIMIS Q400MT, Brazil).

Consumption of nitrate

Nitrogen in the form of NO; was quantified in the culture
medium every 72 h, according to the methodology proposed
by Cataldo et al. [10]. In a 0.25-mL culture medium, 0.8 mL
of 5% salicylic acid solution in sulphuric acid was added, the
reaction was allowed for 20 min after which 19-mL NAOH
(2 M) was added. The samples were kept at room and spec-
trophotometer measurements were performed at 410 nm in
relation to a standard N-NOj; curve.

Recovery of the biomass from the liquid medium

At the end of the assays, the biomass was recovered from
the liquid medium by centrifugation (HITACHI, Himac CR-
GIII, Japan). The centrifuged biomass was frozen for 48 h
at — 80 °C and then lyophilized for 48 h at — 4 °C under
vacuum (LABCONCO, USA). The lyophilized samples were
kept in freezer at -20 °C for further characterization of the
protein, lipid and carbohydrate contents.

Macromolecules in the biomass

The biomass of the assays was analyzed for protein, car-
bohydrate and lipid content. Unclarified biomass extracts
were prepared for protein and carbohydrate determination.
These extracts were obtained using 5 mg of lyophilized bio-
mass and 10 mL of distilled water, sonicated in an ultra-
sonic probe (COLE PARMER, CPX 130, USA) for 10 min
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in a 59 s cycle (on/off) at 25% amplitude. This procedure
was carried out to release the intracellular material into the
liquid medium. Lipid concentration was obtained directly
from the lyophilized biomass. Protein content in the biomass
was determined using the colorimetric method described by
Lowry et al. [11], with a standard curve of bovine serum
albumin. Carbohydrate content was determined using the
phenol—sulfuric method described by Dubois et al. [12], with
a standard glucose curve. Lipids in the lyophilized biomass
were extracted according to the method proposed by Folch
et al. [13], using chloroform and methanol solvents.

Chlorophyll content

Extraction of chlorophyll (Chl) from the C. fusca biomass
was done every 3-d using methanol 99.8% (v v™"), according
to the method proposed by Litchtenthaler [14]. The chloro-
phyll (a+b) content was obtained according to the following
equation:

Chl(pg mL™") = 1.44. A5, + 24.93.Ag504

Extraction and protein profile

Proteins were extracted every 72 h by adding buffer with the
following composition: 80 mM Tris—HCI (pH 6.8), 0.1 M
2-mercaptoethanol, 2% (w V_l) sodium dodecyl sulfate-SDS,
15% (v v~ glycerol and 0.006% (w v~') m-purple cresol,
the lysates were then heated for 5 min at 100 °C. After cen-
trifugation at 10,000 g for 1 min, the samples were subjected
to discontinuous SDS polyacrylamide gel electrophoresis
(SDS-PAGE) according to the method proposed by Laemmli
[15], using a 5% acrylamide stacking gel and 12.5% acryla-
mide resolving gel.

Growth parameters

The growth parameters were determined using biomass con-
centration (X, g L™!). The biomass productivity (Prax- 8 Lt
d™") was calculated by the equation P= (X, — X)/(t — t;),
where X, is the biomass concentration at time t (d), and X,
is the biomass concentration at time t0O (d). The maximum
specific growth rate (u,,,, d~!) was obtained by exponential
regression in the logarithmic phase of cell multiplication of
each assay on the In X (g L™!) versus t (d) plot. The doubling
time (Dt, d) was determined at the exponential phase by the
equation: Dt=1In (2)/t,y-

The evaluation of the MF effect compared to the control
was calculated using the following equation: n,=(Cy;z—C,)/
Cup-100, where n, corresponds to the difference in the per-
centage of responses evaluated with MF (Cy;g) in relation

to the responses obtained in the control cultures (C.). The
values are expressed in % throughout the text.

Statistical analysis

The responses were evaluated by analysis of variance
(ANOVA), followed by the Tukey test at 95% confidence
level. Statistical analyses were carried out by Statistica 10.0
software.

Results

The effects of different application times of MF (25 mT)
were investigated during the cultivation of Chlorella fusca
LEB 111. The growth curve of this microalga under indoor
and outdoor conditions is showed in Fig. 1a, b, where it is
related to the biomass concentration (g L™!) and cultivation
time (d). C. fusca grew in all conditions evaluated and pre-
sented cell adaption phase (lag phase) that lasted approxi-
mately 2 d, followed by the exponential phase. When the MF
was applied throughout the assay (24 h d!), the microalga
growth was similar to that of the respective control assay,
but the biomass concentration was higher (p <0.05). When
MF was applied for a shorter duration (1 h d™!), there was no
positive impact on cell development, as microalgae growth
was close to the control assay, and biomass concentrations
showed no significant difference (p >0.05) at all time of
culture.

Microalgae grown in outdoor conditions produced 64%
more biomass than when cultured under controlled condi-
tions (indoor) at the same time (15 d). As observed, the X,
in outdoor assays was 2.30 g L™! (MF 24 h d™!), while the
maximum biomass produced in indoor assays was approxi-
mately 1.40 g L™! under the influence of MF (Table 1).
However, MF application had positive effect on microalgae
growth cultured in indoor conditions, with 75% more bio-
mass than in culture without MF action.

Growth parameters in the C. fusca assays were influ-
enced by MF and time. X, ,, increased by 32% when MF
was applied for 24 h d~! in outdoor assay, while in indoor
cultivation, it increased by 70% when MF was applied for
1 h d~'. This value increased by more than 85% when MF
was applied for 24 h d~!. Productivity in all conditions did
not differ statistically (p >0.05), whereas p,,,, and D, were
statistically different (p <0.05) for each condition evaluated.
The highest p .. and the lowest D, were obtained in the
outdoor assays when MF was applied for 1 h (0.23 d~! and
2.97 d, respectively).

Regarding the macromolecules in the biomass, MF when
applied for 1 h d~! induced lipid production (Table 2). Pro-
tein content was statistically higher (p <0.05) in indoor
assays when MF was applied for 1 h d~!, 26.6% higher than

@ Springer



1456

Bioprocess and Biosystems Engineering (2021) 44:1453-1460

2.4 —
i O Control 24 h
® MF24h |
2.1+ O Control 1 h/d i
2 - W MFihd 5 E
_
5 | .% ? g ;.
S 1.5 -
: i ¢ b
E . o)
812 i
=
5 - n®
2 0.9 ne
<
2% ol
L
03 M
1 (A)
0 T I T T ] T l T I
0 3 9 12 15

Time (d)

2.4
| O Control 24 h
. ® MF24h
2.1 W MFI1hd
n 1.8
20 i
g 1.5
g 157 s250
£ ] ng "t
E -
Q
0.9 - o;
2 -~ ne e® g 6
g Mg:m e ©
S 0.6 = _
0 ]
034 ‘
- (B)
0 LA R |
0 3 6 9 12 15
Time (d)

Fig. 1 Biomass concentration of microalga Chlorella fusca LEB 111 cultured with MF at different exposure times in outdoor (a) and indoor (b)

assays

Table 1 Kinetic parameters
(maximum concentration—

X max» Maximum productivity—
P,..x» maximum specific growth
rate—,,,,, and doubling time—
d) of the assays with Chlorella
fusca LEB 111 cultivated
outdoor and indoor with MF in
different exposure periods

Table 2 Biological composition
of Chlorella fusca LEB 111
cultivated with MF in outdoor
and indoor assays

@ Springer

Assays

umax

t

max Pmax g
(eL™ (gL7'd™) (! (d
Outdoor Control 24 h d~! 1.75+0.03° 0.15+0.022 0.19+0.01° 3.65+0.05°
MF 24 hd™! 2.30+0.20 0.16+0.012 0.16+0.01° 4.21+0.02°
Control 1 h d™! 2.18+0.02 0.19+0.012 0.23+0.012 3.02+0.15°
MF1hd™! 2.23+0.07° 0.19+0.01? 0.23+0.01? 2.97+0.03°
Indoor Control 0.80+0.01¢ 0.16+0.02 0.04+0.01° 14.94+0.01¢
MF 24 hd™! 1.48+0.04" 0.14+0.01? 0.06+0.01¢ 12.16 +0.30¢
MF 1 hd™! 1.36+0.11° 0.19+0.01? 0.08+0.007 8.89 +0.48°

Averages + standard deviation. Different lowercase letters in the same column indicate that there was a sig-
nificant difference by the Tukey test (p <0.05)

*X nax Obtained in the 13°d

Assays Proteins Carbohydrates (%, m m™) Lipids
(%, mm™") (%, mm™")
Outdoor Control 24 h d™*! 27.44+3.60° 29.16+1.38¢ 33.21+3.70*°
MF 24 hd™! 29.32+0.29%¢ 31.45+0.76*° 31.12+2.12%
Control 1 hd™! 29.07+0.75%¢ 31.38+0.28%° 29.70 +1.86°
MF 1 hd™! 32.71+0.64%° 34.18+0.68" 32.15+0.70*°
Indoor Control 28.18 +5.20°¢ 24.84+0.11¢ 33.82+1.84%°
MF 24 hd™! 25.52+2.08¢ 24.98 +1.00¢ 30.70+3.3°
MF 1 hd™! 35.70+1.612 27.53+0.52¢4 36.17+0.812

Averages + standard deviation. Different lowercase letters in the same column indicate that there was a sig-
nificant difference by the Tukey test (p < 0.05)
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the control assay. In both cultivation methods (outdoor and
indoor), C. fusca LEB 111 presented approximately 30%
(m m~?) of lipids in its biomass, presenting potential for the
production of biofuels. Applying MF for 1 h d~! achieved
36% of lipids in the biomass of indoor assays.

During the assays, the pH value varied and reached values
higher than those obtained on the last day. The pH in outdoor
assays ranged from 10.50 to 12.30, while in indoor assays,
the value was between 10.53 and 10.76. Although this factor
(pH) was not controlled in these experiments, the pH varied
slightly during the 15 days of cultivation.

Table 3 presents the total chlorophyll concentration (ug
mL") obtained every 72 h.

In outdoor assays, on the 6th day, all conditions pre-
sented the highest chlorophyll content (~ 10 ug mL~!) which
decreased (~4 ug mL™!) until the end of the assay.

The highest values observed over the whole time were at
4d(~20pgmL~") and 6 d (~11 pg mL~") in MF culture
for 1 h d~!. MF when applied in indoor assays, induced the
total chlorophyll production (10.36 ug mL ™" in the 12% day),
which was higher than all other conditions evaluated.

The N-NO; concentration (Fig. 2) decreased gradually
in each culture. Until the end of the assays (15 days), the
microalgae did not consume the entire nitrogen source under
any of the evaluated conditions. However, the consumption
rate (CR) was calculated by relating the contents from the
3rd to the 15th day, and the assays under uncontrolled con-
ditions (outdoor) presented higher nitrate CR than indoor
assays. In outdoor assays, the MF applied for 24 h d~! did
not increase the nitrate CR, but when applied only for 1 h
d~!, the nitrate CR was 32% higher than the control, reach-
ing 38% of the consumption. Regarding the indoor assays,
the highest nitrate CR was obtained when MF was applied
for 1 hd™".

Protein profile of the outdoor assays is presented in Fig. 3.
The blank circles mark the bands in which they remained or
appeared after MF application. The SDS-PAGE technique
provides estimated values of protein molecular weight. From
the protein profile shown by SDS-PAGE, the protein levels
remained unchanged and MF applied for 24 h d~! did not
induce stress proteins.

SDS-PAGE showed intense protein bands of approxi-
mately 100 kDa molecular weight in the control culture
(Fig. 3-A) when MF was applied for 24 h d!, and the bands
did not change in the experimental culture when MF was
applied for 24 h d~!(Fig. 3-b).

Figure 3-d shows higher degradation of the protein bands
in the culture with MF application for 1 h d~'. Proteins with
molecular weight between 50 and 70 kDa did not appear in
this condition. In addition, the low-molecular weight pro-
teins (~30 kDa) were slightly degraded, whereas the high-
molecular weight proteins (100—150 kDa) remained when
MF was applied for 1 h. The enzymes D1 (38.9 kDa) and

D2 (39.5 kDa) constitute the reaction center of photosystem
II, which is the key complex in the electron transport chain
[16]. In the biomass of C. fusca, these enzymes remained
when MF was applied to the assays (Fig. 3b—d).

Discussion

The biomass concentration with MF application for 24 h
d™! (1.48 g L™") was 85% higher than that of the control
in indoor assays (Table 1). This effect became noticeable
from 4 d and remained unchanged until 15 days. Also, C.
fusca showed a tendency to achieve the stationary phase
with MF applied for 1 h after the 10th day. The results of
a study conducted by Deamici et al. [17] with Arthrospira
platensis SAG 21.99 showed similar effect with the present
study, since the MF effect was only noticeable on day 4 for
both conditions with MF application (1 hd~! and 24 h d™).
The possible answer to MF presenting effect on microalgae
growth only after some days (usually after 4 days), is that the
microalgae needs to adapt to this new condition, and after
this adaptation phase, the microalgae is able to change the
metabolism and increase or decrease the growth.

The highest overall specific growth rate (p,,,,) in the out-
door assay is due to the increased luminosity in the environ-
ment that stimulates photosynthesis. In outdoor assays, the
irradiance typically varies greatly throughout the day and the
media luminosity to which the microalgae were exposed was
300 pmol,yons m~2 s~ According to Masojidek et al. [18],
the availability of light is fundamental for the cultivation
of photosynthetic microorganisms, because the energy used
in photosynthesis is provided by light. However, Torzillo
and Vonshak [19] mentioned that cultivation at high light
intensities can induce photoinhibition, which is the reduc-
tion in photosynthetic activity of microalgae. According to
Acién et al. [20], in most species, this phenomenon occurs
in irradiances above 1000 puE m~2 s~!, although it can occur
in irradiances up to 300 pE m~2 57",

Some studies have shown that increased protein con-
tent in Chlorella sp. and other microalgae species is also
related to the high level of irradiance and long photoperiod
[21, 22]. In the studies of Duarte and Costa [23], the same
microalgae under the highest intensity (100 pmol m=2 s
when evaluated presented 23% of lipids in the biomass, a
value lower than the lipid content obtained in the present
study, while Deamici et al. [7] showed that C. fusca culti-
vated with CO, supply achieved just approximately 18% of
lipids content in the biomass. Depending on the purpose of
microalgal biomass, the accumulation of storage compounds
(such as lipids) is of interest to use biomass as biodiesel
source. Besides, under the conditions used in the present
study, 30% of lipids were obtained, higher than the amount
obtained in other studies that were between 20 and 22% (g
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g~ 1) in biomass of Chlorella kessleri [24] and Chlorella pyr-
enoidosa [25] under MF treatment. However, the conditions
under which MF were evaluated did not induce lipid produc-
tion, but it is possible to study other intensities and applica-
tion times to induce the production of this molecule, which
has a potential application to biofuels. As is well known,
pH influences the transfer of CO, to microalgae cultivation,
and sub-optimal pH values may limit the microalgae growth
[26]. In addition, the increased concentration of dissolved
CO, causes a reduction in the pH of the assays and it may
decrease the activity of the rubisco enzyme, which is respon-
sible for catalyzing the CO, fixation in the Calvin cycle [27,
28].

Chlorophyll content in outdoor assays was not linear
(Table 3), as chlorophyll content varies in response to
physical factors, such as light intensity, agitation and tem-
perature and chemical factors, such as nutrient availability

[29]. In outdoor assays these parameters are not controlled
which induces the variation in chlorophyll content.

In microalgal cultivation, nitrogen is an important
macro-nutrient that can influence the growth and pro-
duction of lipids. Nitrogen is also used in the synthesis
of proteins and other essential cellular components [30]
and a hypothesis about the MF influences on microalgae
growth is that the MF may change the membrane perme-
ability and, consequently, increase the associated nutri-
ent uptake [31]. The consumption of nitrogen in form of
nitrate was evaluated to evaluated whether the influence of
MF could alter the consumption of this nutrient. In the pre-
sent study, nitrate consumption showed similar behavior
with MF application in the studies of Deamici et al. [29]
with Spirulina sp., since the MF application for 24 h d~!
positively influenced the growth, but it did not influence
nitrate consumption and when MF was applied for 1 h d~!

Table 3 Concentration of total

1 : Assays Day zero Day 6 Day 12 Day 15
chlorophyll (ug mL™") over time
in cultures of Chlorella fusca Outdoor ~ Control 24 hd~' 1.78<0.01° 11.83£1.95°  5.08+1.87° 5.52+£2.14°
1{:)1?3 411111(1‘_”112;241F lf‘(’l?lﬂ‘i’iuon MF 24 hd~! 178<0.01°  9.41+1.40° 4.63+0.21¢ 4.86+0.93*
outdoor and indoor conditions Control 1 hd™! 3.66+0.94° 10.30<0.01* 8.27+0.38*P 3.17 + 1,68*¢
MF1hd™! 3.95+1.34* 11.17+0.95 6.92+0.04°¢ 2.11+0.05°¢
Indoor Control 1.02<0.01¢ 0.35+0.05° 0.48+0.18¢ 0.79+£0.53¢
MF 24 hd™! 1.23+2.22¢ 2.58+0.02° 1036 +1.27* -
MF1hd™! 0.66+0.15° 179 +0.48° 1.12+0.14¢ 1.80+0.65%¢

Averages + standard deviation. Different lowercase letters in the same column indicate that there was a sig-

nificant difference by the Tukey test (p <0.05)
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Fig.2 Nitrate consumption during outdoor (a) and indoor (b) assays of Chlorella fusca with MF application for 24 h d™! and for 1 h d™!
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in outdoor assays, the nitrate consumption rate was higher
(~84%, p <0.05).

MF altered many parameters evaluated during microal-
gae cultivation and Chlorella responded to these changes,
mainly in indoor cultivations as shown in the present study.
In another study, Chlorella pyrenoidosa was cultivated
outdoor in municipal wastewater with MF, and the results
demonstrated the feasibility of using MF to enhance lipid
production with higher waste—water treatment efficiency
[32]. Depending on the strain and microalgae genre, differ-
ent effects may occur from MF application, as reported in
other studies [16, 24, 31, 33]. Besides, this study demon-
strated that is advantageous to combine the assays in outdoor
conditions with MF, since the highest biomass concentration

may be obtained with less energy expenditure, at the same
cultivation time.

Conclusion

Biomass concentration was increased by MF effect in all
conditions evaluated. In outdoor assays, Xmax was increased
by 32% when MF was applied for 24 h d~'. In indoor assays,
X nax Was increased by 70% when MF was applied for 1 hd™!
and it exceeded 85% when MF was applied for 24 h d~!. Pro-
tein content was positively affected when MF was applied
for 1 hd~! (35.7%) in indoor assays, which was higher than
the control (p <0.05). Nitrate consumption was higher in
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outdoor assays, but was not affected by MF, while the pro-
tein profile was altered when MF was applied for 1 h d=".
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