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Effects of static magnetic field on Chlorella vulgaris: growth
and extracellular polysaccharide (EPS) production
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Abstract

In this study, Chlorella vulgaris treated with static magnetic field (SMF) was investigated in terms of the algal density, biomass,
extracellular polysaccharide content and distribution, percentage of algal aggregation, total protein content, enzyme activity,
malondialdehyde content, and nutrient removal. The algal density and biomass under 800 G SMF were highest on the 16th day
and were 29.02% and 35.67% greater than the control group (0 G group), respectively. Soluble EPS decreased with an increase in
magnetic field strength, while bound EPS exhibited an opposite trend. Algal aggregation occurred in all treatment groups, with
the aggregation percentage in the high magnetic field-treated groups being lower than that in the control group. Total protein
content of the 800 G group was the lowest at 1.13 g (10° cells)' and the enzyme activity of treated algae was higher than that of
the control group. SMF affected the growth and reproduction of C. vulgaris by affecting the antioxidant response.
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Introduction

Eutrophication of water can cause algal blooms, which in turn
causes water quality problems such as malodour and taste
issues and algal toxin formation (Chiou et al. 2010; Lee
et al. 2014). However, microalgae contain a large amount of
oil, which potentially can be used as a source of biofuels,
providing a renewable energy source (Schenk et al. 2008;
Mata et al. 2010). In addition, microalgae also have many
other uses, such as raw materials for cosmetics and animal
feed (Markou and Nerantzis 2013). Several studies highlight-
ed the effect of abiotic (i.e., temperature, light, heavy metals,
and nutrients concentration) and biotic (i.e., ecological com-
petition) factors on algal growth (Guerrini et al. 2000; Granum
et al. 2002; Ghasemi et al. 2009; Widjaja et al. 2009; Rugnini
et al. 2018).

Aggregation has a great impact on algal and cyanobacterial
growth and recycling. It has been reported that, compared with
colonial Microcystis, the photosynthetic rate and activity of
unicellular Microcystis are lower (Wu and Song 2008).
Extracellular polymeric substances contain polysaccharides

D4 Jibiao Zhang
jbzhang@fudan.edu.cn

Department of Environmental Science and Engineering, Fudan
University, Shanghai 200433, People’s Republic of China

and other macromolecules such as proteins, lipids, and
DNA. In this study, the quantities of extracellular polysaccha-
rides (EPS) were analyzed. EPS can affect the surface charge,
structure, flocculation, sedimentation performance, adsorption
capacity, and dehydration performance of microbial aggre-
gates (Sheng et al. 2010). In addition, EPSs are the main
“cement” in the aggregation of cells and the cell products
(Sutherland 2001). Therefore, the EPS content plays an im-
portant role in the formation of algal aggregates (Li et al.
2013).

Magnetic treatment is a physical treatment method which is
non-toxic and harmless, with no associated secondary pollu-
tion. Magnetic fields can be classified as either static magnetic
field (SMF) or variable magnetic fields. It has been reported
that magnetic fields can exert different biological effects on
organisms (Reiter 1998). Some studies have used magnetic
fields to control the growth of algae to purify water
(Newman and Watson 1999; Liang et al. 2004). It has also
been reported that the growth rate of Arthrospira (Spirulina)
platensis treated with an SMF of 100 G was the highest, while
growth was significantly inhibited at 700 G (Hirano et al.
1998). A similar phenomenon has also been reported for
Chlorella kessleri, with a SMF treatment of 100 G increasing
biomass. Changes of algal biochemical composition, photo-
synthesis, and ultrastructure have been observed (Small et al.
2012). Other studies reported that SMF could promote the
growth and oxygen production of Scenedesmus obliquus (Tu
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et al. 2015). However, these studies have focused on the ef-
fects of magnetic fields on algae growth, but few studies have
focused on the effects on Chlorella vulgaris growth and its
EPS production.

In this study, the influence of SMF on C. vulgaris was
investigated. Growth rate and biomass of algae treated with
different intensity magnetic fields were assessed.
Furthermore, the EPS content was quantified and the distribu-
tion of several sugars and proteins on the algal surface was
observed. Furthermore, the relationship between algal aggre-
gation and other test results was explored. SMF can enhance
electron transfer at the electrolysis interface, affecting the bio-
electrocatalytic conversion of multiple enzyme components
(Katz et al. 2005). Furthermore, SMF can affect enzyme ac-
tivity (peroxidase (POD), catalase (CAT)) and
malondialdehyde (MDA)) altering cell responses to the
external environment (Halliwell and Gutteridge 1992).
Therefore, the enzyme activity and MDA content of algae
were also measured, to explore the response of C. vulgaris
to different magnetic field strengths. The results of this re-
search will further our understanding of the effects of magnet-
ic fields on algae and provide new ideas for algal resource
utilization and management.

Materials and methods
Experimental setting

A schematic of the SMF treatment device is shown in Fig. 1,
consisting of a threaded rod, scale-plate, movable magnetic
pole, fixed pole (Fig. 1(a)), and a custom-built container
(Fig. 1(b)). The magnitude of the magnetic field was altered
by adjusting the threaded rod, with the designed magnetic
field strength ranging from 200 Gs to 2000 G. A gauss meter

Fig. 1 Magnetic field treatment

(Digital gauss meter HT-20, Hengtong, China) was used to
measure the magnetic field strength.

One hundred fifty milliliters of algal solution with a con-
centration of 3 x 10°cells mL™" was placed in the three com-
partments of the custom-built container, allowing the analysis
of three parallel samples (Fig. 1(b)). Five sets of samples were
placed within the magnetic field for 2 h per day for 16 days.
For the remaining time, the samples were placed in a light
incubator (temperature 28 + 1 °C, 12 h/12 h light-dark cycle
at 120 pumol photons m 2 s ).

Algal strain and growth conditions

Chlorella vulgaris (No. FACHB-8) was obtained from the
Freshwater Culture Collection at the Institute of
Hydrobiology (Wuhan, China). Cultivation was performed
in 1000-mL conical flasks containing 400 mL BG-11 medium
(Rippka et al. 1979) at 28 +1 °C with a 12 h/12 h light-dark
cycle at a light intensity of 120 umol photons m > s~ '. The
initial concentrations of C. vulgaris in all groups were 3 x 10°
cells mL™".

Measurement of algal density, aggregation
percentage, and biomass

To assess C. vulgaris, the algal density of all groups was
measured on alternate days for 16 days. The algal density
and aggregation percentage of C. vulgaris were quantified
using an automatic algae counter (Countstar BioMarine,
ALIT Life Science, China). The aggregation percentage was
measured on the 16th day, with each sample measured five
times and the averaged results reported. Calculations were
performed according to Eq. (1):
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On the 16th day, after centrifuging at 12000xg for 20 min
and removing the supernatant, the samples were dried at
105 °C for 24 h to evaluate the biomass (g L™).

EPS extraction, analysis, and distribution

EPS fractions were divided into soluble EPS (S-EPS) and
bound EPS (B-EPS), with B-EPS being tightly adhered to
the algal cell membrane, while S-EPS was dissolved in the
cell medium (Hsieh et al. 1994; Nielsen et al. 1997,
Matsumoto et al. 2014). B-EPS can be classified as either
loosely bound EPS (LB-EPS) or tightly bound EPS (TB-
EPS). In the present study, S-EPS and B-EPS were both mea-
sured. On the last day, samples were centrifuged at 2500xg for
15 min with the S-EPS fraction separated in the supernatant.
Then, a 0.05% NaCl solution was added to the harvested
substrate and ultrasonicated (SB-3200D, Scientz, China) at
150 W for 1 min. Finally, the samples were centrifuged at
12000xg for 20 min and the supernatant was collected for
B-EPS analysis (Xu et al. 2013Db).

EPS content was determined via the phenol-sulfuric acid
method (Dubois et al. 1956). In addition, the spatial distribu-
tion of various components in EPS was observed by confocal
laser scanning microscopy (CLSM) (Leica SP8, Germany)
after staining with various fluorescence probes (Staudt et al.
2004). Initially, samples were fixed with 2.5% glutaraldehyde
and then multiple fluorescent staining (fluorescein-isothiocy-
anate (FITC) (Sigma, USA), concanavalin A (Con A)
(Sigma), and calcofluor white (CW) (Sigma) was used to ob-
serve the distribution of proteins, «-D-glucopyranose and f3-
D-glucopyranose polysaccharides on the surface of
C. vulgaris. The excitation/emission wavelengths used to ob-
serve FITC, Con A, and CW were 488/520 (green), 561/580
(red), and 400/435 nm (blue), respectively. Staining and mi-
croscopic observations were performed according to previous-
ly reported methods (Chen et al. 2007; Adav et al. 2010).

Water quality analysis

Samples were filtered through a polysulfone membrane filter
(0.45 um) and the pH value, total organic carbon (TOC), total
phosphorus (TP), nitrate (NO5 -N), and nitrite (NO, -N) con-
centration was measured. TOC was determined using a total
organic carbon analyzer (TOC-L, Shimadzu, Japan). TP,
NO; -N and NO, -N concentrations were measured via the
standard method (Mallmann et al. 1945). Based on the results
of preliminary experiments, the water quality of 0 and 800 G
groups was measured.

Measurements of total protein, malondialdehyde,
and enzyme activity

Twenty milliliter of algal samples was collected on the 16th
day and centrifuged at 2500%g for 15 min. Then, the superna-
tant was carefully removed, with the remaining sediment con-
taining the required algal cells. Then, 10 mL of 0.1 M phos-
phate buffer-sterile (PBS, pH 7.4) was mixed with the sedi-
ment. The mixture was centrifuged at 12000xg for 20 min and
the substrate retained. Then, the substrate was mixed with
8 mL PBS and algal cells were lysed at 12000 rpm for
2 min using a high speed homogenizer (FSH-2A, Jintan
Xinrui Instrument, China). Finally, the cell lysis fluid was
centrifuged at 4000xg for 15 min at 4 °C and the resulting
supernatant was used to measure the total protein (T-pro) con-
tent, MDA content, POD, and CAT enzymatic activity. These
parameters were determined using assay kits (Nanjing
Jiancheng Bioengineering Institute, China).

Statistical analysis

GraphPad Prism and SPSS v.22 software were used for data
processing. The results are expressed as mean values + stan-
dard deviation (SD). Comparisons between different treat-
ments were performed by one-way analysis of variance
(ANOVA) and significant differences were determined by
LSD ¢ test. Before performing the one-way ANOVA, the
Shapiro-Wilk test was used to evaluate the assumption of
normality, and the homogeneity of variance was tested by
Levene’s test. For all tests, p values of < 0.05 were considered
to indicate significant differences.

Results

Changes in algal density and biomass under SMF
treatment

The algal density was measured on alternate days for 16 days
(Fig. 2) indicating that the algal density of different groups
increased rapidly. In contrast, the density of algae that had not
been treated with SMF was consistently at lower than the
comparative treated groups, while algae treated with 800 G
SMF grew the fastest. At SMF strengths below 800 G, the
growth of algae increased in accordance with the increase in
magnetic field strength. The algal density of groups treated
with 800 G SMF on the last day was 4.09 x 107 cells mL ™",
which was 29.02% higher than that of the control group.

The trends in change of biomass and algal density on the
last day of experiments generally remained the same. As the
strength of SMF increased, the biomass increased initially and
then decreased, reaching the highest level of 1.483 +
0.460 g L' at a magnetic field strength of 800 G (Fig. 3).
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Fig. 2 Changes of algal density with different SMF strength. Data are
represented as means + standard deviation analyzed from three replicates
(SMF strength unit: Gs)

The biomass of the group treated with 800 G SMF was
35.67% higher than the control group. However, the biomass
of algal cells treated with 1500 G SMF was lowest (0.570 =
0.4531 g'L "), at 47.87% less than the control group.

Changes in EPS under SMF treatment

The EPS content showed significant differences among dif-
ferent groups. As the magnetic field strength increased, the S-
EPS content decreased gradually, with the content of the
group treated with an SMF strength of 800 G being the lowest.
The S-EPS results in groups treated with 800 G and 1000 G
were significantly different from the other three groups
(p<0.05). However, a different trend was observed for the
B-EPS content. The B-EPS content increased with increasing
magnetic field strengths and the algae treated with 1500 G
SMF exhibited the highest level of B-EPS secretion. S-EPS
values ranged between 1.49 and 2.02 pg-cell”' while B-EPS
values ranged between 0.15 and 0.23 pg-cell !, with the S-
EPS content consistently being much larger than the B-EPS
content (Figs. 4 and 5).
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Fig. 3 The biomass of algae with different SMF strength. Data are
represented as means + standard deviation analyzed from three
replicates. Different letters indicate significant difference (p < 0.05)
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Fig. 4 EPS content variation of algae with different SMF strengths
treatments. Data are means + standard deviation analyzed from three
replicates. Different letters indicate significant difference (p <0.05)

Aggregation percentage of C. vulgaris treated by SMF

On thel6th day of treatment, the control group exhibited the
highest aggregation percentage (17.89%), while the group
treated with 800 G SMF exhibited the lowest aggregation
percentage (13.18%). The aggregation percentage of the con-
trol group was 29.74% higher than that of the 800 G group.
Furthermore, the aggregation percentage of groups treated
with 800 G and 1000 G SMF was significantly different from
the other three groups (Fig. 6).

T-pro, MDA, and enzyme activity in C. vulgaris treated
with SMF

As shown in Fig. 7 (a), the differences in T-pro per 10°
algal cells were observed following each treatment. The
highest T-pro content was observed in the control group
(1.93 ug (10° cells)!), while the lowest content was ob-
served in the 800 Gs SMF-treated group (1.13 pg (10°
cells)™!). The overall trend showed that as the magnetic
field strength increased, the content of T-pro decreased
initially and then increased. When the magnetic field
strength was 400 G, the MDA content was the highest,
while the MDA content of the 1500 G group was the
lowest. However, there was no significant difference ob-
served in the content of MDA between groups (p > 0.05)
(Fig. 7(b)). The CAT activity of the control group was
lower than other magnetic field-treated groups. The group
treated with a magnetic field strength of 400 G exhibited
the highest CAT activity (101.37 U mg ' T-pro), which
was significantly higher than the control group
(60.70 U mg ' T-pro) (p<0.05). The overall trend in
CAT activity showed an initial increase and then a de-
crease as the SMF strength increased further (Fig. 7(c)).
In addition, the control group exhibited the lowest POD
activity at 44.63 U mg ' T-pro, while algae treated with a
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Fig. 5 Effect of SMF on the
surface distribution of
extracellular polymeric
substances in C. vulgaris.
Substances were stained with
fluorescein-isothiocyanate
(proteins in green), concanavalin
A (x-D-glucopyranose
polysaccharides in red), and
calcofluor white (3-D-
glucopyranose polysaccharides in
blue)

1500 Gs

magnetic field strength of 1500 G exhibited the highest  indicate that higher SMF strengths resulted in higher
POD activity of 60.99 U mg ' T-pro. These results  POD activity in algae (Fig. 7(d)).
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Fig. 6 The aggregation percentage of algal cells treated with different
SMF strengths. Data are represented as means + standard deviation
analyzed from three replicates. Different letters indicate significant
difference (p < 0.05)

Water quality

The measured water quality of the group treated with 800 G
SMF was similar to that of the control group (Fig. 8). The
TOC concentration in the 800 G group and the control group
both increased rapidly with time. The TOC concentrations of
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the control group and the group treated with 800 G SMF
reached a final level of 42.80 and 42.72 mg L', respectively
(Fig. 8(a)). The trend in NO, -N concentration exhibited a
similar pattern to TOC concentrations (Fig. 8(c)), with the
concentration of the control group being higher than that of
the 800 G group. In addition, the NO3 -N concentration did
not change significantly with time, although the NO5; -N con-
centration in the control group was smaller than the 800 G
group (Fig. 8(b)). However, the concentration of TP reduced
rapidly with time and the TP removal of the 0 and 800 G
groups reached 85.15% and 84.54%, respectively.

Discussion

The effect of SMF on the growth and reproduction of
C. vulgaris was evaluated by measuring algal density and
biomass. The algal density results indicate that suitable SMF
treatments can promote C. vulgaris growth. Previous research
has shown that the chlorophyll-a content of Chlorella
pyrenoidosa treated with a magnetic field was higher than
the untreated group (Han et al. 2016). Some previous research
has also found that A. platensis exhibited a similar response to
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Fig. 7 T-pro content, MDA concentration, CAT activity, and POD activity of algae with different SMF strengths. Data are represented as means +
standard deviation analyzed from three replicates. Different letters indicate significant difference (p < 0.05)
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Fig. 8 Changes of TOC, NO5 -N, NO, N, and TP concentration in groups treated with different SMF strengths. Data are represented as means +
standard deviation analyzed from three replicates. Different letters indicate significant difference (p < 0.05)

magnetic field treatment (Li et al. 2007). This may be because
magnetic fields can promote the release of oxygen from algae,
enhancing photosynthesis and promoting metabolism and
growth (Tu et al. 2015). However, when the SMF strength
was 1500 G, a promotive effect was observed in the first
4 days, although the promotion was not observed with contin-
ued SMF exposure. The reason for this phenomenon may be
that nutrients were limited, reducing the ability of cells to
continually grow at a fast rate. Another possible reason is that
long-duration magnetic field treatments could result in the
inhibition of algal growth (Liu 2006). The magnetic field
physically affects paramagnetic and diamagnetic substances
in cells, which in turn affect the rate of biochemical reactions
and change the growth rate of cells (Schenck 1996).

The result of biomass analysis shows that treatment with
SMF at a suitable strength promotes the growth of algal bio-
mass, while high-intensity magnetic fields inhibit the growth
of algal biomass. This finding was also consistent with the
results of Han et al. (2016) who confirmed that the biomass
productivity of C. pyrenoidosa under 500 G magnetic field
treatment (0.229+0.004 g L' day '), was higher than the
control group (0.203+£0.007 g L' day ).

Previous research has shown that EPS is mainly produced
by secretion, adsorption, excretion, and cell lysis (Sheng et al.

2010; Xu et al. 2013a). Furthermore, EPS plays an important
role in algal growth, due to functions such as water storage
and serving as a carbon source (Lancelot et al. 1986; Li and
Gao 2004). Therefore, in the later stages of exposure, due to
the low nutrient content and high algal density in the high
magnetic field strength treated groups, EPS could be utilized
as a carbon and energy source (Sutherland 2001; Zhang and
Bishop 2003), which may explain why the high SMF strength
groups exhibited a lower S-EPS content. In addition, CLSM
images exhibited the distribution of green, red, and blue areas
on the surface of algal cells, which represent a visualization of
protein, x-D-glucopyranose, and [3-D-glucopyranose poly-
saccharides (Fig. 5). As the strength of the SMF increased,
the distribution area of all three substances increased around
algal cells. This phenomenon was consistent with the ob-
served trend in B-EPS, indicating that more EPS tightly ad-
hered to the surface of algal cells was more conducive to algal
absorption of nutrients for growth and reproduction.

The cause of algal agglomeration appears to be highly
complex. It has previously been reported that the formation
of Microcystis colonies is achieved by the cohesion of indi-
vidual cells within an unstructured viscous layer called muci-
lage (Kessel and Eloff 1975). The viscous layer is mainly
composed of an anthrone-reacting polysaccharide component
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of EPS (Plude et al. 1991; Li et al. 2013). Larger aggregation
allows algae to rapidly move up and down within the water
column, thus gaining more nutrients and energy (Reynolds
etal. 1987; Ibelings et al. 1991). Furthermore, the aggregation
of algae into large groups is conducive to nutrients storage,
preventing animals from feeding and resisting environmental
stress (Reynolds 2007). Yang et al. 2010 found that the for-
mation of aggregates coincides with an increase in polysac-
charides, with polysaccharides shown to play an important
role in the formation of aggregates of C. pyrenoidosa. EPS
could affect the viscosity of algal surfaces, thereby promoting
cell aggregation (Plude et al. 1991; De Philippis and
Vincenzini 1998; Thornton 2002; Yang et al. 2008).

In the present study, the B-EPS content of the five assessed
groups ranged between 0.15 and 0.23 pg cell ! with
C. vulgaris colonies appearing in all groups (Fig. 4 and Fig.
5). A previous study reported that the B-EPS content of colo-
nial Microcystis cells was 0.34 pg cell '(Wu and Song 2008).
This indicates that the B-EPS content of different algae capa-
ble of colony formation varies significantly. In addition, EPS
is negatively charged (Esparza-Soto and Westerhoff 2003)
and therefore B-EPS adhered to the surface of algal cells,
results in a negative surface charge on algal cells. During the
process of algal cell floatation in the water column, a Lorentz
force is generated under the magnetic field, which may ac-
count for the low percentage of aggregation in groups with
high B-EPS contents. In general, the effects of SMF on algal
aggregation and the mechanism of algal aggregation require
further study.

The trend in T-pro content was opposite to the trend in algal
density. The reason for this may be that the concentration of
algae was high and the nutrient levels were limited, resulting
in algae having to consume nutrients within their own cells to
maintain growth. In general, the component diffusion coeffi-
cient of water is generally higher than that of EPS, so an
increase in B-EPS can affect both the input of nutrients and
the output of metabolites (Sheng et al. 2010). In addition, the
form of nitrogen in BG11 medium was nitrate nitrogen, with
the algal absorption of nitrate nitrogen occurring via a specific
permease and reduction NH,4" via a series of reductases, final-
ly allowing synthesizing amino acids and proteins (Vilchez
et al. 1997). The magnetic field could have an effect on these
enzymes (Wang et al. 2006), which would affect the protein
content of algae. Moreover, the results of fluorescence imag-
ing show that in the control group, the green area representing
protein was much larger than the group treated with SMF (Fig.
5), indicating that SMF can inhibit protein production in
C. vulgaris.

In order to investigate the oxidative damage of C. vulgaris
by magnetic field, MDA content and enzyme activity were
measured. Oxygen free radicals produced by the organism
through non-enzymatic systems can attack polyunsaturated
fatty acids (PUFA) in biofilms, triggering lipid peroxidation,
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and thus forming lipid peroxides such as MDA (Kaur et al.
2006). The results indicate that SMF had no significant effect
on the MDA content. Therefore, the magnetic field might not
promote or inhibit the production of oxygen free radicals by
non-enzymatic systems in algae. In addition, the increase in
CAT and POD activities could be caused by the increase in
reactive oxygen species production, potentially promoting an-
tioxidant reactions to prevent cell damage (Wang et al. 2008,
2017). Considering the results of MDA content, CAT, and
POD activity analysis, it appears that SMF affects the antiox-
idant response of algae, although the effects on different en-
zymes are inconsistent. Some previous studies have reported
that high magnetic field strengths lead to changes in the con-
formation of enzymes, which in turn affect cellular biochem-
ical reactions (Wang et al. 2006). Moreover, under the action
of SMF, the transition metal ions in some enzymes become
paramagnetic, resulting in an increase in enzyme activity
(Katz et al. 2005). These results indicated that the response
of C. vulgaris to SMF is affected by a certain stress range. The
enzyme activity and MDA content were highest in the 400 G
group, and therefore, 400 G SMF can be considered to nega-
tively affect C. vulgaris. In contrast, the 800 G SMF exhibited
improved resource utilization by C. vulgaris, with the algal
density also the highest in this group.

Chlorella vulgaris cells grow and reproduce by utilizing
the inorganic components from the BG11 medium. After lysis
and decay, algae release organic matter back into the water
(Sun et al. 2007), accounting for the increase in TOC concen-
tration in surrounding water. Organic substances can be
absorbed by EPS (Hinson and Kocher 1996). During process-
ing of samples, the organic matter adsorbed by B-EPS was
filtered out with the algae, resulting in the TOC concentration
in water being reduced. The concentration of NO; -N in the
water slightly decreased due to algal growth, while the NO, -
N concentration was higher after the 8th day due to algal cells
releasing intracellular NO, into the water. The TP removal
rates of the control group and the 800 G group were both high
(85.15% and 84.54%, respectively), as these groups were able
to absorb sufficient TP to support growth and reproduction.

Conclusions

In this study, algae treated by 800 G SMF grew at the fastest
rate and SMF exerted a significant effect on C. vulgaris bio-
mass. These results show that treatment with a suitable SMF
strength could promote C. vulgaris proliferation and biomass
formation, although excessive SMF strengths for a long dura-
tion inhibit the growth. SMF could affect enzyme activity in
the algae, as well as inhibiting EPS secretion and the synthesis
of total proteins within cells. According to the change of B-
EPS content and the results of sample staining, it may be
speculated that SMF can cause EPS to adhere more closely
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to the surface of algal cells. The B-EPS content of the five
groups ranged between 0.15 and 0.23 pg cell ' and
C. vulgaris colonies were formed in all cases. Overall, these
results confirm that SMF affects the growth and reproduction
of C. vulgaris by affecting the antioxidant response of algal
cells.
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