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Algicidal bacteria offer an eco-friendly and promising approach for controlling harmful
algae blooms (HABS). In this study, repeated batch fermentation of immobilized algicidal
bacterium Vibrio brasiliensis H115 was preformed to enhance the productivity of the
algicidal compounds. The highest algicidal efficiency of the fermentation products
against Akashiwo sanguinea (100%) was achieved when the fermentation time was
decreased from 24 to 14 h. The cell-free fermentation broth was then spray-dried and
floating microcapsules were prepared from the dried powder. The optimum preparation
conditions for floating microcapsules were: sodium alginate (SA), 3%; CaCO3: SA (mass
ratio), 3:4; CaCl,, 3%; citric acid, 4%; ethylcellulose, 2%; crosslinking time, 30 min.
Under the optimal conditions, the floating microcapsules displayed efficient A. sanguinea
cell lysis ability and the algicidal efficiency increased from 10.62% (4 h) to 100% (24 h).
These results suggest that the floating microcapsules could potentially be practically
used for controlling the outbreaks of A. sanguinea.

Keywords: red tides, algicidal bacteria, fermentation, floating microcapsules, Vibrio brasiliensis

INTRODUCTION

Red tides have attracted worldwide attention as they pose significant threats to fishery resources,
marine ecosystems and human health (Anderson, 2009). Biological methods have been broadly
investigated for the control of red tides as it has obvious advantages over physical and chemical
methods (Li et al., 2016). During the last decades, algicidal bacteria, which are capable of algal cell
lysis or growth inhibition have been isolated from lakes, estuaries, and seas. They offer a promising
and eco-friendly biological approach for the control of harmful algae blooms (HABs) (Tian et al.,
2012; Lu et al., 2016; Zheng et al., 2018).

Various isolated algicidal bacteria have been preliminarily studied in the lab to confirm
their algal lysis ability (Tian et al, 2012; Zhang et al., 2018; Tarazona-Janampa et al., 2020).
However, the practical application of algicidal bacteria in controlling algal blooms is challenged
in many ways. First, the complex and unstable environment in the natural ecosystem, such as
low temperature and competition from other bacteria, may inhibit the growth of the algicidal
bacteria and reduce their algicidal activity (Kang et al., 2012). In addition, the algicidal activity
of such bacteria is species-specific. Nevertheless, algicidal bacteria and their associated metabolic
products might result in a negative impact on other species and the ecosystem (Kang et al., 2007;
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Jung et al., 2010). The addition of Pseudomonas fluorescens SK09
in a large-scale mesocosm natural bloom of Stephanodiscus
hantzschii changed the composition of the phytoplankton
community (Jung et al., 2010). Therefore, for practical and
commercial application of algicidal bacteria, the development of
strategies that are capable of sustaining the algicidal activity as
well as minimizing their adverse effects is essential.

Most of the algicidal bacteria attack the target algae in an
indirect mode by secreting active algicidal compounds (such as
agarase, amino-peptidase, lipase, proteins, alkaline phosphatase
and enzymes) to the surrounding medium (Wang M. et al., 2020).
The synthesis of these active compounds is mainly based on
bacterial metabolism. Studies have shown that the productivity
of secondary metabolites of microorganisms can be enhanced
during repeated fermentations (Li H.-X. et al., 2015; Wang et al,,
2016; Xu et al., 2020). Thus, fermentation is an essential process
for the large-scale production of the algicidal compounds (Hu
et al., 2020). The fermentation products of algicidal bacteria can
possibly be considered as biological agents for the control of
HABs. However, limited studies have been conducted regarding
the potential application of fermentation products. It was
reported that the fermentation products from Bacillus cereus
strain JZBC1 were capable of algicidal activity against Scrippsiella
trochoidea, Prorocentrum micans, and Peridinium umbonatum
(Hu et al,, 2020). Our previous study also confirmed the algicidal
activity of the spray-dried algicidal broth against Akashiwo
sanguinea (Wang Y. et al., 2020). Bacillamide secreted by Bacillus
sp. SY-1 (Jeong et al., 2003) and the pigment deinoxanthin,
isolated from Deinococcus sp. Y35 (Li Y. et al, 2015) had
algicidal effect on Alexandrium tamarense and Cochlodinium
polykrikoides, respectively. Compared to bacterial cells, the
algicidal powder is capable of minimizing the ecological burden
of direct bacterial cell addition. So it is necessary to seek a
method that enables the direct application of algicidal powder
to control HABs.

Immobilization is a long-established method used for
increasing the packing yield of enzymes, microorganisms,
organelles, and plant/animal cells in the biotechnology processes
(Meleigy and Khalaf, 2009; Ma et al., 2015; Ahmad et al., 2020). As
one of the widely used methods of immobilization, microcapsule
technology has been widely applied in the fields of medicine,
pesticides and food (Mori et al., 1972; Fukumori et al., 1988). In
terms of algicidal bacteria and their corresponding metabolites,
Pseudomonas fluorescens SK09 was successfully immobilized to
control Stephanodiscus hantzschii blooms (Jung et al, 2013),
Shewanella sp. IRI-160 immobilized in alginate beads were
used to control the growth of Karlodinium veneficum and
Prorocentrum minimum (Wang and Coyne, 2020). Alcaligenes
aquatilis F8 immobilized with wheat bran and sodium alginate
(SA) also showed algicidal activity against Microcystis aeruginosa
(Sun et al., 2015). Immobilization of algicidal bacteria has been
shown to increase the cell density and the corresponding algicidal
activity. However, to date, microcapsules containing algicidal
powder have not been reported. Because HABs occurs on the
water surface, floating microcapsules containing algicidal powder
are proposed as a promising way to control the HABs. SA is
a widely used safe biodegradable polymer for encapsulation of

cells, microbes, and drugs (Nochos et al., 2008; He et al., 2015).
Ethylcellulose (EC) is a water-insoluble polymer with a low
density and has been studied for the encapsulation and controlled
release of drugs (Yang et al., 2001; Prasertmanakit et al., 2009).
Furthermore, it can enhance the mechanical strength of the
microcapsules and enables effective wrapping of CO, and thus
enhancing the floating ability (Yang and Wang, 2014). The
encapsulation of algicidal powder using SA and EC was proposed
in this study, as it can potentially delay the release rate of algicidal
compounds, thus effectively extending its shelf life with reduced
side effects on the ecosystems.

The algicidal bacterium Vibrio brasiliensis H115 used in this
study was isolated from Dameisha Bay (Shenzhen, China) and
was confirmed to have algicidal activity against A. sanguinea in
an indirect mode. The bacteria itself cannot lyse algal cells, while
cell-free supernatants of the fermentation broth were responsible
for the lysis of the algal cells (unpublished data). In this study,
batch fermentation was conducted for the immobilized Vibrio
brasiliensis H115 to generate algicidal compounds. Then, the
cell-free fermentation broth containing algicidal compounds
was spray-dried and used for the preparation of floating
microcapsules. Sodium alginate (SA) and ethylcellulose (EC)
were used as wall material and coating material for the floating
microcapsules, respectively, and CaCO3 was used as CO, gas-
forming agent. The composition of floating microcapsules was
optimized using single-factor effect experiments. Furthermore,
the algicidal activity of the optimal floating microcapsules
against A. sanguinea was determined. Overall, the results of
this study provide support for the potential application of
algicidal powder-based floating microcapsules on preventing
A. sanguinea blooms.

MATERIALS AND METHODS
Algal Culture and Strain

The algicidal bacterium Vibrio brasiliensis H115 was isolated
from the seawater of Dameisha Bay (Shenzhen, China), and
subsequently cultured in 2216E medium (5 g/L peptone, 1 g/L
yeast extract, 0.1 g/L ferric phosphate, pH 7.6-7.8) for 24 h
(25°C, 200 rpm).

Akashiwo sanguinea used in this study was provided by the
Algal Culture Collection of the Institute of Hydrobiology at Jinan
University (Guangzhou, China). The culture was maintained in
modified f/2 medium (Lananan et al., 2013; Zhang et al., 2014)
at 20 £ 2°C with light (3500 1x, 12:12 light-dark cycle) (Sun
et al,, 2016). The algal culture was incubated for 24 h to achieve
its exponential growth phase before use.

Immobilization of Vibrio brasiliensis H115

and Repeated Batch Fermentation

The preparation of immobilized bacteria was conducted as
reported previously with slight modifications (Idris and Suzana,
2005). Briefly, Vibrio brasiliensis H115 culture (10 mL) was
centrifuged (8,000 rpm, 10 min) and the collected pellets were
mixed thoroughly with 3% (m/v) sterilized SA (Solarbio, Beijing,
China) solution (10 mL). The mixture was then dropped into a
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beaker with 4% (m/v) CaCl, (Macklin, Shanghai, China) using a
pipette with sterile tips (1 mL). The solution was stirred slowly
for 24 h at 4°C to complete the bead formation process. The cell
density in the bead was 7.4 x 10® cell/g. The beads were washed
with sterile water and stored at 4°C before use.

The initial fermentation was conducted by inoculating 1 g
of the immobilized beads into a flask (n = 3) with 100 mL of
modified 2216E medium (with an extra 10 g/L of sorbitol and
20 g/L of peptone) and incubating at 40°C and 200 rpm for up
to 26 h. The fermentation broth was collected at different time
points (0, 4, 8, 14, 18, 22, 24, and 26 h) for the detection of
ODggo and then centrifuged (10,000 g, 10 min). The ODgqp in
the fermentation broth was used as a proxy for the cell density of
H115 in the beads. The supernatants were collected and filtered
to get the cell-free fermentation broth. The algicidal efficiency of
the cell-free fermentation broth against A. sanguinea was detected
by co-incubating the cell-free fermentation broth (1 mL) with
A. sanguinea (100 mL) for 10 min. A control experiment was
added by co-incubating 1 mL of sterile modified 2216E with
100 mL A. sanguinea for 10 min to test if the modified 2216E
medium has any effect on A. sanguinea. Algicidal efficiency was
calculated as described by Zhang et al. (2018):Algicidal efficiency
(%) = 100 x (No—Nt)/Ny, where Ny and Nt represent the cell
density of A. sanguinea measured at 0 h and different sampling
time (t), respectively. Bioassays were conducted in triplicate. The
cell number of the A. sanguinea was counted using a microscope
(Olympus IX51, Tokyo, Japan) with a hemocytometer after
staining with Lugol’s reagent (Wang Y. et al., 2020).

After the initial fermentation, the immobilized beads were
collected and washed with sterile distilled water three times
before inoculating into 100 mL of optimized 2216E medium for
repeated batch fermentations. Repeated batch fermentation was
conducted three times as above to determine the algicidal activity
of the beads and evaluate their stability.

Preparation of the Fermentation Broth
Powder and Floating Microcapsules

After 14 h of fermentation, the fermentation broth was collected
and centrifuged (10,000 g, 10 min), the supernatants were
collected and filtered to get the cell-free supernatants. The cell-
free supernatants were sprayed (5 r/min) at 180°C using a
spray drier (Bioq-8005, Huihetang Bioengineering Equipment
Co., China) to get the powder of fermentation broth. The powder
was then added into 100 mL A. sanguinea culture at different
concentrations (0.1-1.5 g/L) and the algicidal efficiency was
calculated after 24 h exposure. A. sanguinea culture without the
addition of powder was set as the control and three replicates
were conducted. The cell number of the A. sanguinea was counted
at 0 and 24 h as above to calculate the algicidal efficiency.

The dried powder was then used for the preparation of
floating algicidal microcapsules. The preparation of the floating
microcapsules was modified from the previous study (Yang and
Wang, 2014). Firstly, solution A (100 mL) was prepared by
mixing CaCO3; (Macklin, Shanghai, China) with 2% of SA (3:4
ratio) and solution B (100 mL) was made by mixing 3% citric acid
(Macklin, Shanghai, China) with 3% CaCl,. The dried powder

was added into solution A with a concentration of 1.7 g/L and
mixed thoroughly, the mixture was then dropped into a beaker
with solution B using a pipette with sterile tips (1 mL). The
solution was then stirred (200 rpm) to obtain the SA beads. The
SA beads were washed with sterile water three times and air-
dried. The SA beads were then dispersed in ethylcellulose (EC,
M70, Macklin, Shanghai, China) solution (2%, w/v) and stirred
for 20 min to acquire EC coating. The beads were then washed
with ethanol (100%) once and then washed with sterile water
three times. The SA-EC beads were then dried at 40°C and stored
at 4°C before use.

Optimization of the SA-EC
Microcapsules

To determine an optimum preparation condition for the SA-EC
microcapsules, single factor effect experiments were conducted
to examine the effect of different factors on the physical
characteristics of the SA-EC microcapsules. The microcapsules
were prepared with different concentrations of SA (1.0, 2.0,
3.0, 4.0, and 5.0%), CaCOs3: SA ratios (0, 1:4, 1:2, 3:4, and
1:1), concentrations of CaCl, (1.0, 2.0, 3.0, 4.0, and 5.0%),
concentrations of citric acid (1.0, 2.0, 3.0, 4.0, and 5.0%),
concentrations of EC (0, 1.0, 2.0, 3.0, 4.0, and 5.0%), and different
crosslinking time (10, 20, 30, 40, and 50 min). When conducting
the single factor effect experiments, except for the variables, the
basic experimental conditions were 3% SA, CaCOs3: SA of 3:4, 3%
CaCly, 3% citric acid, 2% EC, and crosslinking for 30 min.

The diameter of the microcapsules was obtained by calculating
the average diameter of fifty microcapsules, which was measured
with a Vernier caliper (He et al., 2015).

To estimate the floating ability of the microcapsules, fifty
microcapsules were added into 100 mL of seawater and incubated
with shaking (50 rpm) for 4 days, and the number of the
floating microcapsules was counted for the determination of
floating ability.

Crystal violet solution was used as a middle marker to assess
the permeability of the microcapsules. Approximately, 0.7 g
of microcapsules were immersed in 50 mL of crystal violet
solution (with an absorbance of about 1.0) and incubated for 4 h
(n = 3). Samples (3 mL) were taken at 0 and 4 h to measure
the crystal violet absorbance (As7g) using a spectrophotometer
(UV-8000S, METASH, Shanghai, China). The permeability of
beads was estimated based on the difference between the two
OD values as follows: Permeability (%) = 100 x (Ao—A)/Ay,
where Ao and A represent the absorbance of crystal violet
solution measured at 0 and 4 h, respectively. All experiments were
conducted in triplicate.

Algicidal Activity of the SA-EC

Microcapsules

The algicidal activity of the optimized SA-EC microcapsules
was tested by inoculating 1 g of microcapsules into 100 mL of
A. sanguinea culture. The concentration of algicidal powder in
the microcapsules was 1.7 g/L. Samples were collected at 4, 8, 16,
and 24 h to count the algal cell numbers and calculate the algicidal
efficiency. Microcapsules without powder were used as control.
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The maximum photosynthetic quantum yield (QY) of PSII
(Fv/Fm) and the relative electron transport rate (rETR) were
also analyzed using a chlorophyll fluorometer (Water-PAM,
WALZ, Germany). Prior to fluorescence measurement, samples
were dark-acclimated at room temperature for 20 min. The
untreated cell-free A. sanguinea culture was used as blank when
determining the Fv/Fm and rETR.

Statistical Analyses

Statistical analyses were performed in R (v. 3.6.0). At least three
replicates were conducted in all experiments, data were presented
as mean =+ standard error. Significant changes (p < 0.05) of
algicidal efficiency over time/concentration of algicidal powder
were analyzed by one-way ANOVA. To test the significant
difference (p < 0.05) of measured variables (algicidal efficiency,
Fv/Fm and rETR) between control and treatment groups over
time, data were analyzed by two-way ANOVA with time and
treatment as independent variables and followed by Tukey’s HSD
post hoc tests.

RESULTS AND DISCUSSION

Fermentation of the Immobilized Strain
H115 and Its Algicidal Efficiency

Repeated batch fermentation of immobilized bacteria has been
widely applied for the production of secondary metabolites.
Studies have shown that the productivity of secondary
metabolites of microorganisms, such as penicillin (Rani et al.,
2004), gibberellic acid (Meleigy and Khalaf, 2009), cyclosporin
A (Suvase et al., 2010) and lovastatin (Porcel et al., 2008) can
be enhanced during repeated fermentations. In this study,
the algicidal activity of the cell-free fermentation broth was
significantly improved using repeated batch fermentation. The
algicidal efficiency of the initial fermentation was compared
to the repeated batch fermentation of the immobilized strain
H115 (Figure 1). Figure 1A shows the growth of H115 in the
fermentation broth during the initial fermentation and the
corresponding algicidal activity of the cell-free fermentation
broth. The growth of H115 in the fermentation broth was used
as a proxy for the cell density of H115 in the beads. Results
showed that both ODggg and algicidal efficiency did not change
significantly at the first 8 h (p = 0.33 and 0.40, respectively),
indicating a lag phase. The ODgy of fermentation broth
increased significantly (p < 0.05) and reached 4.37 & 0.02 at 24 h,
while the algicidal efficiency reached 100% (Figure 1A). The lag
phase in the initial fermentation can be explained by the direct
addition of immobilized beads without pre-activation. For the
repeated fermentation, the average ODgqg increased significantly
from 0.43 & 0.01 to 4.35 4+ 0.08 in 16 h (p < 0.05, Figure 1B).
The average algicidal efficiency of cell-free fermentation broth
increased significantly (p < 0.05), and an algicidal efficiency
of 100% was reached at 14 h (Figure 1B). To test the effect of
modified 2216E medium on A. sanguinea, a control experiment
was conducted by inoculating 1 mL of sterile modified 2216E
with 100 mL A. sanguinea for 10 min. Results showed that the
number of the algal cells did not change significantly before and
after co-incubation with modified 2216E medium (p = 0.80),
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FIGURE 1 | Cell concentrations of H115 in fermentation broth and algicidal
efficiency of cell-free fermentation broth during (A) initial fermentation and
(B) repeated batch fermentation. Data for panel (B) was generated from the
average of all three repeated batch fermentations. Bars represent the algicidal
efficiencies and as indicated on the left y-axis. Points represent ODggp and as
indicated on the right y-axis. Values are means + s.e, n = 3.

indicating that the modified 2216E medium has no algicidal effect
on A. sanguinea. These results indicated that the fermentation
time of immobilized beads can be greatly shortened during
repeated batch fermentations, which is of great significance for
increasing the productivity of the algicidal compounds.

Fermentation Powder and Its

Encapsulation

The cell-free fermentation broth of HI115 was collected and
spray dried to get the fermentation powder. Figure 2 shows that
the algicidal efficiency increased significantly with an increase
in the concentration of fermentation powder (p < 0.05) at
the concentration ranges of 0-1.0 g/L. The maximum algicidal
efficiency (100%) was achieved when the concentration of the
fermentation powder reached 1.0 g/L of algal culture. This could
be explained by the dose-response relationship between algicidal
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FIGURE 2 | Algicidal efficiency of the algicidal powder against A. sanguinea at
different concentrations (Algicidal powder was made from the cell-free
fermentation broth after 14 h of fermentation). Values are means + s.e, n = 3.

compounds and algae cells, that is the maximal effect of algal cell
lysis can be achieved at a certain dose of algicidal compounds
(Tilney et al., 2014; Wang Y. et al., 2020). A similar trend was
found in the study of Wang Y. et al. (2020), where the EC5 and
ECqg values of algicidal compounds to A. sanguinea were 0.68
and 1.43 g/L, respectively. Karlodinium veneficum also exhibited
a typical dose response in photochemical inhibition and cell
density with increasing IRI-160AA, with an average ECsp of
7.9% (v/v) IRI-160AA (Tilney et al., 2014). Using fermentation
powder as core material, floating microcapsules were successfully
prepared with SA as wall material and EC as the coating
material. Floating microcapsules have been widely applied for the
encapsulation and controlled release of the drugs in drug delivery
systems (Ma et al., 2008; Ahmed et al., 2016; Selvakumaran et al,,
2016). However, studies that explore the potential application
of floating microcapsules in other areas are sparse. Yang and
Wang prepared sodium alginate/hydroxypropyl methylcellulose
(SA/HPMC) microcapsules that can float in hai-hong wine (Yang
and Wang, 2014). Immobilized beads with algicidal bacteria
(Kang et al., 2012; Jung et al.,, 2013; Wang and Coyne, 2020)
were shown to improve the algicidal efficiency for the potential
control of HABs. However, to the best of our knowledge, this is
the first report of the preparation of floating microcapsules with
active algicidal compounds. When compared with the algicidal
bacterial based immobilized beads, the floating microcapsules
containing algicidal powder have advantages. The active algicidal
compounds in microcapsules released slowly and sustainedly
from the microcapsules, which enables efficient contact between
the active algicidal compound and algae.

Effect of Different Factors on the

Microcapsules

Concentration of SA

Different concentrations of SA (1, 2, 3, 4, and 5%) were
investigated for the preparation of floating microcapsules. Results
showed that the diameter of the microcapsules increased with

increasing SA concentration, while the permeability decreased
from 84.23 to 71.86%. This finding is consistent with the study
of Li et al. (2019). The maximum floating ability (70.83%) was
achieved at a SA concentration of 3% (Table 1). Alginates are
anionic compounds and form hydrogels in the presence of Ca®™
(Nochos et al., 2008). A low concentration of SA results in a
flaccid microstructure for the microcapsules, thus the generated
gas cannot be efficiently wrapped which resulted in a low
floating ability. With an increase in SA concentration, the ionic
crosslinking between Ca?* and SA resulted in a more compact
structure of the alginate capsules (Li et al., 2019). However,
microcapsules with a rigid microstructure could prevent H
from entering into the solution and reacting with CaCO3 to
make sufficient CO; gas, thus reducing the floating ability. As the
floating ability is a key indicator for the microcapsules, 3% was
chosen as the optimum concentration for SA.

Mass Ratio of CaCO3: SA

CaCOj3 has been successfully used for the preparation of floating
alginate beads (Choi et al., 2002; Ma et al., 2008) and the floating
drug delivery system (Selvakumaran et al., 2016). As a CO, gas-
forming agent, the concentration of CaCOs3 plays a key role in
the floating ability of microcapsules. During the formation of
microcapsules, CO3%~ reacts with citric acid to produce CO,. The
evolving gas permeates through the alginate leaving gas bubbles
or pores (Choi et al., 2002). As seen in Table 1, negligible floating
ability (6.06%) was observed without the addition of CaCOj,
The floating ability of the microcapsules increased as the relative
content of CaCOs3 increased, and the maximum floating ability
(70.37%) was achieved as the ratio of CaCQOj3 to SA reached 3:4. It
was reported that the porosity and pore diameter of the beads
were increased by increasing the ratio of CaCO3 (Choi et al,
2002). A high proportion of CaCO3; made the microcapsules
highly porous and fragile. This was also reflected as an increase
in the permeability of the microcapsules. However, the floating
ability decreased to 52.38% when the ratio of CaCO3 to SA
increased to 1:1. This could be caused by the internal ionotropic
gelation effect of CaCOj3 on alginate (Choi et al., 2002), as CaCO3
can also be used as a gelling agent to make alginate gel (Kuo
and Ma, 2001), and the combination of CaCOj3 on alginate can
enhance the density of the microcapsules. Thus, the optimum
ratio of CaCOs3: SA was 3:4.

Concentration of CaCl,

CaCl, provides Ca?* ions for SA to form hydrogels. The
permeability of the microcapsules decreased from 83.03 to
71.45% with an increase in CaCl, concentration. The study
of Li et al. (2019) also showed that the increase of Ca’t
concentration reduced the permeability of alginate-based beads.
The maximum floating ability (76.19%) was achieved when the
CaCl, concentration was 3%. With further increase in Ca’t
concentration, the floating ability decreased. It was reported
that the gel strength of alginate increased exponentially within
a concentration range of Ca?* (Draget et al, 1993), and the
thickness of the external boundary of SA beads increased with
the increase of CaCl, concentration (Li et al., 2019). When the
concentration of CaCl, is higher than 3%, the binding sites
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TABLE 1 | Effect of different factors on the properties of the microcapsule (The
bold values are for optimized conditions.

Factor Diameter (mm) Floating ability Permeability
SA concentration 1% 2.86 22.64% 84.23%
(wW/v)
2% 3.41 50.00% 83.89%
3% 4.10 70.83% 78.25%
4% 4.16 66.67% 73.88%
5% - 58.33% 71.86%
Mass ratio of 0 3.67 6.06% 76.12%
CaCO3:SA
1:4 3.67 20.00% 78.13%
1:2 3.72 50.00% 78.89%
3:4 3.88 70.37% 80.02%
1:1 3.88 52.38% 80.66%
CaCl, 1% 3.92 37.50% 83.03%
concentration (w/v)
2% 3.96 50.00% 76.10%
3% 3.91 76.19% 75.96%
4% 3.95 68.42% 75.22%
5% 4.00 42.11% 71.45%
Citric acid 1% 3.56 3.85% 70.88%
concentration (w/v)
2% 3.83 17.39% 73.36%
3% 4.01 69.57% 79.21%
4% 4.07 77.27% 80.58%
5% 4.26 56.52% 84.15%
EC concentration 0 3.75 24.14% 69.45%
(wW/v)
1% 3.59 80.00% 83.27%
2% 4.06 82.76% 82.79%
3% 3.81 68.18% 84.31%
4% 4.02 65.52% 82.91%
5% 4.11 62.96% 83.30%
Crosslinking time 10 417 5.26% 69.82%
(min)
20 4.08 47.37% 71.53%
30 3.90 70.00% 77.36%
40 3.77 36.84% 62.52%
50 3.79 33.33% 61.24%

When conducting the single factor effect experiments, except for the variables, the
basic experimental conditions were 3% SA, CaCOg: SA of 3:4, 3% CaCl,, 3% citric
acid, 2% EC, and crosslinking for 30 min).

are saturated, resulting in a more compact gel structure, thus
increasing the density of the microcapsules.

Concentration of Citric Acid

Citric acid reacts with CaCOs3 to generate CO, gas which
enables the floating of microcapsules. Table 1 shows that the
permeability of the microcapsules increased from 70.88 to 84.15%
when the citric acid concentration increased from 1 to 5%. The
floating ability increased from 3.85 to 77.27% as the citric acid
concentration increased from 1 to 4%. Citric acid was used as
the gas-producing agent in floating microcapsules (Masaki et al.,
1991; Soppimath et al., 2001). For example, adding citric acid
has successfully delayed the gastric emptying of the calcium

alginate beads (Stops et al., 2006) and sustained drug release
from the floating pills (Masaki et al., 1991; Ahmed et al., 2016).
However, the floating ability decreased to 56.52% as citric acid
concentration increased to 5%. The excess citric acid could react
with SA to form alginic acid, thus causing flaccid microstructure
in the microcapsules and decrease the floating ability. In this
study, 4% of citric acid was chosen as the optimum concentration.

Concentration of EC

Ethylcellulose was used as a coating material for the
microcapsule. EC is a water-insoluble polymer with a low
density and has been studied for the encapsulation and
controlled release of drugs (Yang et al., 2001; Prasertmanakit
etal., 2009). Furthermore, it can enhance the mechanical strength
of the microcapsules and enables effective wrapping of CO; and
thus enhancing the floating ability (Yang and Wang, 2014).
Our results showed that microcapsules without EC showed a
low floating ability (24.14%) and relatively low permeability
(69.45%). The highest floating ability (82.76%) was observed
when the EC concentration was 2% (Table 1), the floating
ability decreased as the concentration of EC continuously
increased from 2 to 4%. A similar trend was found for the
floating SA/HPMC microcapsules in the study of Yang and Wang
(2014), where the maximum floating ability was observed with
an EC concentration of 30 g/L. The higher concentration of EC
enhanced the matrix density of the microcapsules, thus fewer
microcapsules could float. The optimum EC concentration for
the microcapsule was 2%.

. ‘V" Y J |
- r"‘ ‘.
r J ! . . .‘
» ‘~ 1 . > :

FIGURE 3 | Floating SA-EC microcapsules with algicidal powder as core
material, SA as wall material and EC as the coating material. (3% SA, CaCOgs:
SA of 3:4, 3% CaCly, 4% citric acid, 2% EC, and crosslinking for 30 min).
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Crosslinking Time

Gel strength was dependent on the degree of interaction between
SA and Ca’T ions. The surface microchannel’s width of the
alginate capsules was also affected by the degree of crosslinking
(Lietal, 2019). A sufficient crosslinking time enables the internal
gelation of the Ca?t and SA as well as the reaction of CaCOs
and citric acid, thus enabling the generation of CO; and the
wrapping of CO, gas. The floating ability increased from 5.26
to 70.00% as the crosslinking time increased from 10 to 30 min.
However, a crosslinking time of > 30 min could result in
the reaction between citric acid and SA to form alginic acid,
thus causing a flaccid microstructure in the microcapsules and
decrease the floating ability. So a crosslinking time of 30 min was
chosen as the optimum.

Optimum Conditions

Optimum conditions were 3% SA, CaCOs3: SA of 3:4, 3% CaCl,,
4% citric acid, 2% EC, and crosslinking for 30 min (Figure 3). The
microcapsules had a spherical shape, with complete structure and
no cracks on the surface. The volume is about 33 mm?® and with
algicidal powder content of 1.7 g/L.

Evaluation of the Algicidal Activity of the

Floating Microcapsules

The algicidal activity of the microcapsules was tested by co-
incubating the microcapsules with A. sanguinea for up to 24 h.
Results showed that the algicidal efficiency of the microcapsules
increased significantly (p < 0.05) over time from 18.71 & 1.37%
(4 h) to 100% (24 h) (Figure 4), which were significantly higher
(p < 0.05) than that of the control (microcapsules without
algicidal powder). For the control, an algicidal efficiency of
15.44 £+ 0.53% was observed after 24 h of incubation. These
results indicated that the algicidal powder was slowly released

|

FIGURE 4 | Algicidal efficiency of the floating microcapsules against

A. sanguinea. Controls are microcapsules without algicidal powder. Values are
means + s.e, n = 3. Asterisks “***” indicate p < 0.001 and “****” indicate

p < 0.0001.
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FIGURE 5 | Effects of floating microcapsules on the fluorescence Fv/Fm
(A) and rETR (B) of A. sanguinea. Controls are microcapsules without algicidal
powder. Values are means + s.e, n = 3.

into the algal culture through the pores of the microcapsule and
then acted on the algal cells. At present, the immobilization of
algicidal bacteria and their potential application in controlling
HABs have been studied (Jung et al., 2013; Sun et al., 2015;
Wang and Coyne, 2020). To our best knowledge, this is the first
report on floating microcapsules based on algicidal powder. In
our study, the floating microcapsules achieved a sustained release
of the active algicidal compounds and facilitated sufficient contact
between the algicidal powder and A. sanguinea.

Fv/Fm represents the photochemical efficiency of algal
cells, and rETR represents the relative photosynthetic electron
transport rate of algal cells. Figure 5 shows the changes
of Fv/Fm and rETR during incubation. Fv/Fm in control
groups experienced significant decreases over time (Figure 5A,
p < 0.05). For the microcapsules treatment group, the Fv/Fm
value decreased significantly from 0.3 & 0.007 to 0.08 £ 0.005
(p < 0.05). The difference between these two groups was
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significant (p < 0.05). The changes of rETR over time during
incubation for the control group was not significant (Figure 5B,
p = 0.1). However, for the microcapsules treatment group,
rETR decreased significantly over time from 53.76 + 1.57 to
12.27 £+ 0.56 (p < 0.05). The difference between these two
groups was significant (p < 0.05). It is reported that lower
Fv/Fm values infer inactivation or down-regulation of PSII
reaction centers (Tilney et al., 2014). These results suggested
that the addition of floating microcapsules had significant effects
on the photosynthetic efficiency and capacity of A. sanguinea
(Zhang et al., 2018). A similar phenomenon was observed for
the algicidal bacteria Paracoccus sp. Y42 and Pseudoalteromonas
S1 when co-incubated with the target algae (Sun et al.,, 2016;
Zhang et al., 2018). Photosynthesis provides primary metabolites
and energy for algae. It has been reported that some active
algicidal substances inhibit the growth of algae by destroying
the photosynthetic pigments, blocking the respiratory chain,
and reducing the assimilation products (Tilney et al, 2014;
Zhang et al., 2018). Under stress conditions, the photosynthetic
apparatus and the transmission of photosynthetic electron of
A. sanguinea could be affected (Zhang et al., 2020), thus
significant fluctuations in Fv/Fm and rETR values could be
observed. The inhibition of both Fv/Fm and rETR indicated that
the algicidal compounds released from microcapsules disrupted
the photosynthetic apparatus of A. sanguinea.

CONCLUSION

In this study, the algicidal activity of the fermentation broth
was significantly improved using repeated batch fermentation
of immobilized algicidal bacterium Vibrio brasiliensis H115.
Floating microcapsules containing dried fermentation powder
was then successfully prepared using SA as wall material, EC as
the coating material, and CaCOj3 as gas-forming agent. Under the
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