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nin sustained-release algaecide on
the growth of Microcystis aeruginosa and the
underlying physiological mechanisms

Wenlu Sang,a Cunhao Du,a Xiaguo Liu,b Lixiao Ni, *a Shiyin Li,c Jiawei Xu,d

Xuqing Chen,e Jian Xue and Chu Xua

The aim of the study was to determine the effect of phycobiliprotein and esterase activity of Microcystis

aeruginosa cells on the effect of artemisinin slow-release algaecide. We analyzed the sustained stress of

artemisinin slow-release algaecide and the associated changes in density, phycobiliprotein, and esterase

activity in Microcystis aeruginosa (M. aeruginosa) and monitored changes in the physical and chemical

properties of the algae during the process. The results showed that the cumulative release concentration

of artemisinin sustained-release algaecide in different media was similar. When the total amount of

artemisinin was kept at 5.00–5.30 mg L�1, the effect of artemisinin on algal cells and the release amount

of slow-release algicides reached a dynamic balance, and the equilibrium concentration could inhibit the

growth of M. aeruginosa. Artemisinin slow-release algaecide slowly released artemisinin and inhibited

the content of phycobiliprotein in M. aeruginosa. The esterase activity recovered after 15 days and

continued to increase. Artemisinin showed no harmful effect on M. aeruginosa and increased the

metabolic activity of algal cells. M. aeruginosa may undergo programmed cell death, keeping the cell

membrane structure intact. The use of micro-nano materials can increase the effect of allelochemicals

on Microcystis aeruginosa. The slow release of allelopathic active substances from the algae inhibitor

reduces the algal density of Microcystis aeruginosa cells. However, the enhanced metabolic activity of

algal cells may be due to artemisinin causing PCD in Microcystis cells, keeping the cell membrane

structure intact, thereby preventing algal cell rupture and release of a large amount of algal toxins.
1. Introduction

Algal blooms are occurring globally due to climate change and
an abundance of nutrients in the water, threatening the
sustainability of freshwater ecosystems. If the number of cya-
nobacteria (particularly M. aeruginosa) increases signicantly,
water quality and human health will suffer signicantly. Algal
blooms not only produce unpleasant odors, reduce water body
transparency, and reduce dissolved oxygen content, but they
also release toxins and specic organic matter, resulting in
biodiversity loss and ecological damage.1,2

In recent years, technology for removing algae from surface
water has been divided into three categories: physical tech-
nology, chemical technology, and biological technology.
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However, these technologies have difficult-to-control limita-
tions and, to varying degrees, environmental risks, which limit
their widespread adoption.3–5 Since the discovery of the allelo-
pathic effects of aquatic plants on algae, the inhibition of algae
growth and reproduction by allelopathic substances has piqued
the public's interest, and its high efficiency and environmental
friendliness have made it a research hotspot.6–8 Algal growth is
inhibited by allelopathic substances extracted from various
plants.9–11 However, they release allelopathic active substances
slowly to sustain release and low-dose algae inhibition without
posing an ecological risk. To address this issue, artemisinin was
embedded in a sodium alginate/chitosan microcapsule system
to create a slow-release algaecide.12,13 In this system, a polymer
carrier material is physically or chemically combined with the
drug, and the drug is slowly released into the water body via
penetration and diffusion, imposing a continuous allelopathic
effect on the algae and inhibiting their growth.14–16

Artemisinin can effectively inhibit the growth of algal cells,
and it is converted into a sustained-release algaecide by
microcapsule technology, which can improve the longevity of
the algaecide inhibitor and hence, make it cost-effective.
Previous studies only investigated the algal inhibition effect of
artemisinin and some algal inhibition mechanism, but
© 2022 The Author(s). Published by the Royal Society of Chemistry
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a detailed discussion on the cumulative effect of the sustained
release of algal inhibitors was lacking.17 In addition, there is
currently no study on the combination of nanotechnology to
make the particle size smaller, more effective in contact with
algae, and its effect on the physiological function of Microcystis
aeruginosa. In this study, the high activity and dispersivity of
micronanomaterials were used to increase the binding amount
of allelochemicals to M. aeruginosa, and the allelochemicals
were released slowly to achieve long-term release and low dose
algal inhibition without ecological risk. Further, the changes in
algal density, phycobiliprotein, and esterase activity of M. aer-
uginosa under the continuous stress of artemisinin sustained-
release algaecide and the physicochemical changes in the
algae were monitored. To determine the problems of slow-
release microparticles prepared from allelochemicals, such as
swelling and precipitation, low entrapment rate, and difficulty
in contacting algal cells, and the continuous stress of artemi-
sinin slow-release algicide, the density of M. aeruginosa cells
decreased, but the metabolism of algal cells decreased. The
enhanced activity may be due to algaecide causing programmed
cell death (PCD) in M. aeruginosa, keeping the cell membrane
structure intact, thereby preventing the release of a large
amount of algal toxins due to cell rupture. This might provide
a theoretical basis for the application of slow-release algaecide
in water bodies.

2. Materials and methods
2.1. Culture of M. aeruginosa

The strains of M. aeruginosa were supplied by the Freshwater
Algae Culture Collection of the Institute of Hydrobiology
(FACHB-905, China) and cultured in the laboratory at Hohai
University using sterilized BG-11 medium. The algae were
cultivated in 250 mL asks with 200 mL sterilized culture media
at 25 �C under 40–60 mmol per photons per m2 per s (14 h light/
10 h dark). The Erlenmeyer asks were shaken three times a day
to ensure that the algae mixed and grew evenly.

2.2. Algaecide preparation

Artemisinin (purity > 99%) was purchased from Nanjing Zelang
Medical Technology. Artemisinin sustained-release algaecide
was prepared according to the optimal technological conditions
obtained by conducting the orthogonal experiment. Fig. 1
depicts the algaecide preparation process. CaCl2 solution
(6 mg L�1) was slowly dropped into sodium alginate solution
(1 mg L�1) to make the pre-gel. A suitable amount of chitosan
(0.6 mg L�1) was dissolved in a 1% (v/v) acetic acid aqueous
solution and added dropwise to the pregel along with artemi-
sinin, and chitosan colloid was formed spontaneously under
mild conditions (low rate mixing). The algaecide was obtained
aer centrifuging the particles for 30 min at a speed of
12 000 rpm.

2.3. Algal inhibition experiment

The algal (M. aeruginosa) inhibition experiment was conducted
according to the ISO8692-2004 standard (ISO, 8692-2004). The
© 2022 The Author(s). Published by the Royal Society of Chemistry
initial algal density was 2 � 106 cells per mL. According to the
previous studies of the research group, the optimal inhibition
concentrations of pure artemisinin and sustained-release
algaecide were determined to be 16.0 mg L�1 and 0.540 g L�1,
respectively.18,19 In this experiment, a blank control group,
a pure artemisinin group (16.0 mg L�1), and an artemisinin
sustained-release algaecide group (0.540 g L�1) were set up.
Each group was cultured in triplicate for 40 days. The content of
phycobiliprotein in the algal solution was determined by the
enzyme labeling method every ve days, and the pH and the DO
value of the algal solution were determined by a multi-
parameter water quality analyzer. Additionally, ve parallel
groups of algaecide were set up to observe the algal inhibition
effect of the residual solution. When the particles were fully
swelled, the application of artemisinin sustained-release
algaecide was stopped on the 5th, 10th, and 35th day of the
experiment.

The inhibition ratio (IR) was calculated by the following
equation:

IR ¼ (N0 � N)/N0 � 100% (1)

where N is the algal density (cells per mL) of the treatment
group and N0 is the algal density (cells per mL) of the blank
group.
2.4. Analysis of the concentration of the accumulated
artemisinin

The algal culture conditions were the same as above. Three
groups, including a distilled water group, a blank culture
solution (BG-11) group, and an M. aeruginosa group (the initial
algal density was 2 � 106 cells per mL) were set up, and the
same dose of artemisinin sustained-release algaecide (0.540 g
L�1) was added to the three groups. The dose applied was the
optimal inhibitory concentration obtained in the preliminary
experiment. The artemisinin content in the solution was
measured using an ultraviolet spectrophotometer at 292 nm
every day for the rst 16 days and every ve days aer 40 days of
continuous culture. The standard curve formula for artemisinin
concentration (y) and absorbance (x) was y ¼ 17.842x + 0.0363,
and the correlation coefficient R2 was 0.9996.
2.5. Determination of phycobiliprotein content

The phycobiliprotein content was determined according to the
method described in a study by Wu et al.20 The algal solution
(30.0 mL) was centrifuged at 10 000 rpm for 5 min, and 5.0 mL
of PBS (0.05 M, pH ¼ 7.0) was added to the concentrated algal
cell aer discarding the supernatant. Aer repeated freezing
and thawing for 3–4 times at �20 �C (refrigerator) and 37 �C
(water bath), the cells were crushed in an ice bath at 600 W and
treated with ultrasound for 2 s followed by a gap of 2 s, total for
6 min. Aer centrifugation for 10 min at 12 000 rpm, the
supernatant was taken, and its absorbance was measured at
OD620, OD650, and OD565 nm using an automatic microplate
reader. The components of phycobiliprotein were estimated by
the following formulae:
RSC Adv., 2022, 12, 16094–16104 | 16095

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00065b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

0/
22

/2
02

5 
9:

28
:3

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Phycocyanin: PC (mg mL�1) ¼ (OD620 � 0.7 � OD650)/7.38 (2)

Allophycocyanin: APC (mg mL�1) ¼ (OD650 � 0.19 � OD620)/

5.65 (3)

Phycoerythrin: PE (mg mL�1) ¼ (OD565 � 2.8 � PC � 1.34AP)/

1.27 (4)
2.6. FDA staining and esterase activity assay

FDA (Sigma, F-7378) was dissolved in acetone to obtain a 1 mM
solution and kept in a brown bottle at �18 �C. Samples were
collected every 5 d in the 30 day culture period. From each of the 12
asks (treated and control samples), 5 mL of samples were ob-
tained by centrifugation at 4000 rpm for 5min. The harvested cells
were resuspended in phosphate-buffered saline (PBS) (0.2 M, pH
7.4). Then, 0.5 mL of sample was placed in a PCR tube and stained
with FDA; the nal concentration was 25 mM. The solution was
kept on ice for 8 min in the dark. The FDA uorescence used to
estimate the hydrolysis ratio of esterase was detected by the FL 1
detector (515–545 nm) through ow cytometry (FCM, BD FACS-
verse). The data were expressed as the mean uorescence intensity
(MFI) and stained cell percentages.33
Fig. 1 Preparation process of algicidal agent.

Fig. 2 Appearance and SEM image of algaecide.

16096 | RSC Adv., 2022, 12, 16094–16104
2.7. Quality control and statistical analysis

All experiments were carried out in triplicate, and the results
were expressed as averages. All of the chemicals used were of the
highest analytical grade. All glassware and plastics were washed
and soaked in 10% HNO3 for at least 24 hours before use, then
thoroughly washed with tap water and rinsed three times with
Milli-Q water. All solutions were prepared and diluted with
Milli-Q water. SPSS 22.0, OriginPro 2016, and Flowjo 7.6 were
used for statistical analysis. All data were rst log-transformed
to meet the requirement of normality for ANOVA and then
analyzed using one-way ANOVA, where p < 0.05 represented
signicant differences and p < 0.01 represented extremely
signicant differences.
3. Results and discussion
3.1. Algaecide morphology, distribution and particle size

Aer washing, the suspension was centrifuged at high speed
and freeze-dried to prepare the algaecide. Fig. 2 depicts the
nished product's appearance and scanning electron
microscope.

Aer washing, the sample suspension was centrifuged at
high speed and freeze-dried. Fig. 2 depicts the algaecide's
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Artemisinin accumulated from sustained-release algaecide (5.4
mg$L�1) in different media (distilled water, BG-11 culture solution, and
algal liquid) and pure production group (16 mg$L�1) in culture solution.
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appearance and scanning electron microscope (SEM), which
shows a light yellow uffy substance. Algaecide has a particle
size of about 500 nm and a smooth and spherical surface.
Following high-speed centrifugation and freeze-drying, many
particles will congregate, affecting particle size. The occurrence
of micron algaecide size may result from tiny algaecide
agglomeration.
3.2. Accumulation of artemisinin from sustained-release
algaecide in different media

The curves of artemisinin accumulated from algaecide
sustained-release microspheres in different media and the pure
production group are shown in Fig. 3. The BG-11 and the algae
liquid group experienced a surge in artemisinin accumulation,
Fig. 4 Effect of pure artemisinin and its sustained-release algaecide on

© 2022 The Author(s). Published by the Royal Society of Chemistry
while the distilled water group experienced a gradually
increasing trend from day 1 to day 5. Five days aer the start of
the experiments, although the accumulation ratio of the BG-11
and the algae liquid group decreased, the accumulation curves
of the sustained-release algaecide in the three different solu-
tions showed an increasing trend before stabilizing between 5.0
and 5.3 mg L�1 on day 10. Interestingly, a slight change
occurred in the curves of the BG-11 group that were lower than
those of the distilled water group from the 18th day, which
eventually stabilized at 4.20 mg L�1.
3.3. Algal growth inhibition

The inhibitory effect of pure artemisinin and artemisinin
sustained-release algaecide on the growth of M. aeruginosa
(logarithmic growth phase) is shown in Fig. 4. In the blank
group, the density ofM. aeruginosa increased continuously, and
the algae grew well. The growth ratio slowed down and entered
a stable growth period aer 25 days. The action of pure arte-
misinin and its algaecide inhibited the growth ofM. aeruginosa.

In the pure artemisinin group, the inhibition ratio showed
an increasing trend before peaking at 56.0% on the 15th day,
with algal growth signicantly inhibited. The inhibition ratio
then reached a plateau from the 15th day to 20th day. The
inhibition ratio decreased while the growth ratio of algae
increased as artemisinin was consumed from the 20th day. At
the end of the experiment (the 30th day), the algal density of the
pure production group was 1.89 � 107 cells per mL.

The content of artemisinin in the algal uid increased
rapidly ve days before the experiment (Fig. 3), but the inhibi-
tory effect onM. aeruginosa was weak, and the algal density still
increased (Fig. 4).
3.4. Effect of the residual solution containing artemisinin on
cell density and inhibition ratio of M. aeruginosa

The effect of the remaining solution on M. aeruginosa density
and inhibition ratio aer stopping the application of slow-
(a) cell density and (b) inhibition ratio of M. aeruginosa.

RSC Adv., 2022, 12, 16094–16104 | 16097
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Fig. 5 Effect of the residual solution containing artemisinin on cell density and the inhibition ratio of M. aeruginosa (*p < 0.05, **p < 0.01).
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release algaecide is shown in Fig. 5 Within 10 to 75 days of the
experiment, the algal density of the three remaining solutions
was signicantly lower than that of the blank group (p < 0.01). In
the blank group, M. aeruginosa grew well, and the algal density
continued to increase by 50 days. On the 75th day, the algal
density showed a decreasing trend.

In the artemisinin sustained-release algaecide group, the
growth ofM. aeruginosa in the early stage of the experiment (0–3
days) was not inhibited, which was consistent with the blank
group. From the 5th day, the growth of M. aeruginosa in the
sustained-release algaecide group was inhibited, and the algal
density hardly increased. Aer the algaecide was removed on
the 5th and 10th days, the solution was similar to the experi-
mental group in which the sustained-release algaecide was still
present. On the other hand, the algal density did not change
much and was always inhibited. The experimental group's algal
density declined on the 20th day, while the blank group
continued to grow and the inhibition ratio increased. On the
50th day, the residual solutions in the three experimental
groups had the best inhibitory effect on M. aeruginosa growth,
with inhibition ratios of 99.2%, 98.2%, and 98.8%, respectively.
Fig. 6 Effects of pure artemisinin and its sustained-release algaecide on t
(b) allophycocyanin (APC); (c) phycoerythrin (PE).

16098 | RSC Adv., 2022, 12, 16094–16104
3.5. Effect on phycobiliprotein

The change in the phycobiliprotein content of M. aeruginosa
under the action of pure artemisinin and artemisinin sustained-
release algaecide is shown in Fig. 6.

The PC content uctuated slightly in the blank group when
the experiment started. However, the PC of both the pure arte-
misinin and the artemisinin sustained-release algaecide groups
sharply decreased on the 10th day and remained at about
0.002 g mL�1. The PC content in the pure artemisinin group was
always slightly lower than that of the artemisinin sustained-
release algaecide group (Fig. 6a).

The APC content increased slightly on the 15th day in the
blank group and then gradually decreased to the initial level of
the experiment, with no overall uctuation. The changing trend
of APC content in the pure artemisinin and sustained-release
algaecide was similar to that of PC, which decreased signi-
cantly on the 10th day and reached a dynamic balance. The APC
content of the pure artemisinin group was higher than that of
the artemisinin sustained-release algaecide group on the h
he contents of phycobiliprotein ofM. aeruginosa. (a) Phycocyanin (PC);

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Effect of the residual solution containing artemisinin on the cell density and inhibition ratio of M. aeruginosa (*p < 0.05, **p < 0.01).
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day, and aer that, it was lower than that of the artemisinin
sustained-release algaecide group (Fig. 6b).

The PE content gradually increased in the blank group, while
in the pure artemisinin group and the artemisinin sustained-
release algaecide group, it showed a decreasing trend rst and
then stabilized. The PE content in the blank group was always
the highest, while that in the pure artemisinin group was always
the lowest (Fig. 6c).

3.6. Effect on esterase activity

The esterase activity of M. aeruginosa, aer adding pure arte-
misinin and artemisinin sustained-release algaecide, is shown
in Fig. 7. A large amount of pure artemisinin reduced the
esterase activity of M. aeruginosa and gradually returned to the
normal level on the h day. Under the action of pure artemi-
sinin, the metabolic activity ofM. aeruginosa was inhibited. This
was also the result of the outow of uorescent substances
caused by damage to the algal cell membrane. With the
consumption of pure artemisinin, the algal cells resumed
growth, and the esterase activity returned to normal levels.
Fig. 8 Changes in (a) DO and (b) pH in the culture solution, in the prese

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.7. Effect on the physicochemical properties of the algal
solution

The changes in the DO content of the medium under the action
of pure artemisinin and its sustained-release algaecide are
shown in Fig. 8a. In the blank group, the DO content gradually
increased before reaching a peak at about 18.9 mg L�1 on the
10th day and gradually decreased and stabilized at 10.0–
12.0 mg L�1 aer 20 days. The DO content of the pure artemi-
sinin group decreased more rapidly until it reached a trough,
with the lowest value of 2.71 mg L�1 on the 5th day, then
gradually increased to 8.67 mg L�1 at the end of the experiment.
The DO content of the artemisinin sustained-release algaecide
group was similar to that of the pure artemisinin group, where
the DO content suddenly dropped to the lowest value
(2.21 mg L�1) on the 5th day. The difference between the two
groups was that the DO content in the artemisinin sustained-
release algaecide group remained at 3.69–4.22 mg L�1 aer
the h day; there was no increasing trend.

The change in the pH of the medium is shown in Fig. 8b,
which is similar to that of DO. In the blank group, the overall pH
nce of pure artemisinin and its sustained-release algaecide.

RSC Adv., 2022, 12, 16094–16104 | 16099
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Fig. 9 The regional of fluorescence characteristics.
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initially showed a slowly rising trend and then sharply declined,
reaching the maximum value (10.8) on the 15th day and the
lowest value (7.8) on the 30th day. The pH of the culture
medium in the pure artemisinin group and the artemisinin
sustained-release algaecide group was similar, and the overall
trend showed an initial decrease followed by an increase. On the
h day, the pH suddenly decreased to 7.53 and 7.19, and then
Fig. 10 EPS and MC-LR fluorescence images before and after the react

16100 | RSC Adv., 2022, 12, 16094–16104
slowly increased to 9.20 and 10.13. The increase in the artemi-
sinin pure group was greater than that in the artemisinin
algaecide group.

Algae are the primary producers in water bodies and
consume CO2 and H2O during photosynthesis to produce O2.
Thus, they increase the DO content in the water.21 Therefore,
with the proliferation of M. aeruginosa cells in the blank group,
the number of algal cells increased, resulting in a gradual
increase in the content of DO in water.21 Aer one cycle (10
days), the content of DO remained stable. In the pure artemi-
sinin group, the photosynthesis of M. aeruginosa was inhibited
in the rst 20 days, resulting in a low level of DO content. With
the consumption and transfer of artemisinin in the solution,
the algae restored photosynthesis and increased the DO content
of the culture solution. In the artemisinin sustained-release
algaecide group, since there was always enough algae-
inhibiting active substances in the water body to inhibit the
photosynthesis of M. aeruginosa, the DO content in the water
body was always low.

The change in the pH was related to the CO2 content in the
water. The dissolved CO2 in the water formed carbonate, and
the ionization [H+] caused the pH of the water to drop.22 In the
blank group, due to the adaptability of the organism, the algae
adjusted the pH of the water during growth and turned the
water alkaline. When sufficient nutrient elements are present,
M. aeruginosa grows normally and consumes CO2 in the water
during photosynthesis, causing the pH to drop.23
ion.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Characteristic peaks of EPS fluorescence

Characteristic
peak Ex/Em Region Substance

Peak A 265/335 I Microbial metabolites
Peak B 355/410 II Humic acid
Peak C 230/320 IV Aromatic protein
Peak D 280/430 II Humic acid
Peak E 215/295 IV Aromatic protein
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3.8. EPS uorescence

Excitation–emission matrix (EEM) uorescence spectroscopy
can analyze the chemical structural properties and origin of
substances based on the information of uorescence peaks.34

The uorescence intensity information of a compound is
analyzed by acquiring changes in excitation wavelength and
emission wavelength. The study shows that the EEM map can
be divided into four regions (Fig. 9), which are I: microbial
metabolites-like, II: humic acid-like, III: fulvic acid-like, IV:
aromatic protein-like.35 Changes in uorescence characteristics
of EPS before and aer 30 days of reaction with MC-LR are
shown in (Fig. 10). Composition changes of EPS before and aer
reaction can be obtained by comparing the spectrum of uo-
rescence peak characteristic area in Fig. 9 (Table 1).

A uorescence characteristic peak (peak A) appeared in the
uorescence image in the blank group, which was located in area
I and was identied as a microbial metabolite. Another charac-
teristic peak (peak B) with a relatively weak uorescence signal
located in region II (Ex/Em ¼ 355/410) was identied as humic
acid-like. Before and aer the intracellular MC-LR reaction, the
characteristic uorescence peaks did not change much, and the
uorescence intensity of peak A and peak B increased slightly.
Along with the two uorescence peaks of peak A and peak B,
another characteristic peak (peak C) was also observed, which
was located in zone IV with Ex/Em¼ 230/320 and represented an
aromatic protein (Fig. 10c and d). There was no noticeable
change in the uorescence characteristic peak.
4. Discussion

The pure artemisinin group showed an opposite trend
compared to the microsphere groups. The artemisinin
concentration decreased sharply in the rst four days. The
concentration of artemisinin in the pure artemisinin group was
lower than that of the artemisinin sustained-release algaecide
group on the 13th day, and it showed a decreasing trend aer
that. On the 15th day, the concentration of artemisinin in the
solution was lower than 5.00 mg L�1, which the effective algae-
suppressing components might explain in the inhibitory
substances degrading and transferring over time.

Previous studies have conrmed that when artemisinin is
absorbed on the microcapsule shell, the sudden dissolution in
water causes a large amount of artemisinin (5.00–8.00 mg L�1)
to be released from sustained-release algaecide at the beginning
of the experiment (0–3 days).24 However, in this study, the
accumulated amount of artemisinin in the solution was
© 2022 The Author(s). Published by the Royal Society of Chemistry
considerably lesser than that released. In distilled water and
BG-11, the artemisinin released at low concentration was
probably due to a slight solubility in water and adsorption on
the wall of the conical ask.

The artemisinin content gradually increased with the stable
release of algaecide (from day 3). Liu et al. showed that arte-
misinin degraded aer some time, with 30% degradation
observed aer half a year.25 With the release and degradation of
the algaecide in the experiment, the artemisinin content in
water gradually reached a dynamic balance. According to
a previous study,17 artemisinin content in algal solution
increased rapidly in the rst ve days, but with the increase of
algal density, artemisinin had a little inhibitory effect on M.
aeruginosa. Aer 10 days, the content of artemisinin was stable
at 5.0–5.3 mg L�1, and the growth of M. aeruginosa was severely
inhibited, indicating that artemisinin inhibited the growth of
algae and the release of algaecide reached a dynamic balance,
and its concentration was enough to inhibit algal growth. The
artemisinin accumulation curves of the sustained-release
algaecide in the three different solutions were similar and
indicated that the sustained-release algaecide was stable in
different media.

In the artemisinin sustained-release algaecide group, the
growth ofM. aeruginosawas strongly inhibited. At the beginning
of the experiment (0–5 days), the algal density increased slowly
but was lower than the blank and pure artemisinin group and
then gradually decreased. The algal density uctuated between
7.0 and 12.0 � 105 cells per mL aer 20 days. The inhibition
ratio of artemisinin sustained-release algaecide on M. aerugi-
nosa gradually increased (0–20 days) and stabilized (20–30
days), reaching a maximum of 96.8%. These results indicated
that the artemisinin sustained-release algaecide released arte-
misinin every day, acting on M. aeruginosa and inhibiting its
proliferation before achieving a stable algae suppression effect.
The total artemisinin was stable at 5.00–5.30 mg L�1 aer 10
days. During this time, the growth ofM. aeruginosa was strongly
inhibited, which indicated that the action of artemisinin on
algal cells and the amount of slow-release algaecide released
reached a dynamic equilibrium, and the equilibrium concen-
tration was enough to inhibit the growth of M. aeruginosa. The
concentration of artemisinin in the pure artemisinin group
continued to decrease (0–30 days), which indicated that it would
consume artemisinin when acting on algal cells. From the 15th
day to the 20th day, the algal density remained stable and
gradually increased (Fig. 2). This was because the concentration
of artemisinin during this time was lesser than 5.00 mg L�1,
which is the threshold for inhibiting the algal growth.26 The
concentration of artemisinin in the solution was insufficient to
inhibit the growth of M. aeruginosa; thus, the algae resumed
growth.

The experimental group, where the artemisinin sustained-
release algaecide was removed on the h day, had a slightly
decreased growth inhibitory effect on M. aeruginosa aer the
75th day. The results showed that artemisinin in this group was
consumed during algal suppression due to its action on algal
cells, and the content in the solution was insufficient to
completely inhibit the growth of algae. In summary, the
RSC Adv., 2022, 12, 16094–16104 | 16101
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artemisinin sustained-release algaecide had a sustained algae-
inhibiting effect on M. aeruginosa.

Cyanobacteria have a simpler photosynthetic mechanism
than higher plants. The phycobilisome, a specic auxiliary light-
absorbing pigment system located in the thylakoid's cyto-
plasmic surface, transfers the captured light energy to the
photosynthetic system II (PS II) reaction center. The phycobili-
protein of M. aeruginosa (phycocyanin (PC), allophycocyanin
(APC), and phycoerythrin (PE)) is the main functional group of
cyanobacterial photosynthesis light-harvesting antenna and
can transfer absorbed energy to algal cells for the survival of the
algae and increase in their biomass.

Previous laboratory studies showed that the chlorophyll
content in the pure artemisinin group decreased, then gradually
returned to the blank level as the exposure time increased, while
the one in the artemisinin slow-release algaecide group
declined.24 In this study, pure artemisinin and its sustained-
release algaecide inhibited the synthesis of phycobiliproteins,
thereby inhibiting the photosynthesis of M. aeruginosa. Some
researchers found that phenolic acid salicylic acid can inhibit
the capture and absorption of light by inhibiting chlorophyll-
a and other photosynthetic pigments of M. aeruginosa; thus,
affecting the composition of all components of phycobilipro-
teins, causing the inhibition of algal growth and even death.27

The addition of a high concentration of garlic can inhibit the
synthesis of photosynthetic pigments such as chlorophyll-a in
M. aeruginosa, affecting the absorption of light energy by algal
cells and reducing the photoreaction, thereby disrupting the
composition of phycobiliprotein components in M. aerugi-
nosa.28 The results of this study regarding the disruption of the
composition phycobiliprotein are similar to the results of the
studies discussed above.

The phycobiliprotein content in the pure artemisinin group
was lower than that in the blank group, and the chlorophyll-
a content gradually recovered. This was probably induced by
the same precursor compound used by the biosynthesis of
chlorophyll and phycobilin. When the phycobiliprotein
synthesis was inhibited, the supply of precursor compounds
required for chlorophyll synthesis increased.29 Sun cultured
algal cells in the dark to suppress chlorophyll synthesis and
found that the phycobiliprotein content was increased due to
chlorophyll deciency in algal cells.29 The contents of PC and
APC were four and six times higher than those in the control
group under the same conditions.

Under the action of artemisinin sustained-release algaecide,
the esterase activity ofM. aeruginosa cells continued to increase.
On the 30th day, in the stained-release algaecide group, the
esterase activity ofM. aeruginosa increased continuously, which
was about 100 times that of the control group. However, it was
lower than the blank group at the beginning of the experiment
(0–15 days). This was because the sustained-release algaecide
continuously released artemisinin into the water body, result-
ing in the continuous increase of the cumulative concentration,
which inhibited the esterase activity. However, the esterase
activity recovered and continued to increase aer the 15th day
because the slow release of the algaecide did not pose a threat to
M. aeruginosa but increased the metabolic activity of algal cells.
16102 | RSC Adv., 2022, 12, 16094–16104
Esterase also has a non-energy-dependent metabolic activity,
and its esterase activity remains even aer cell death.30 More-
over, adding artemisinin might cause programmed cell death in
Microcystis cells under sustained allelopathic stress.31 By
keeping the structure of their cell membrane intact, algal cells
can accumulate uorescein produced by FDA and esterase,
which enhance the uorescence intensity.32

This caused M. aeruginosa in the blank group to enter
a stable phase on the 20th day, resulting in a slight decrease in
the pH of the culture solution, which then stabilized. In the
pure artemisinin and sustained-release algaecide groups, the
growth and photosynthesis of M. aeruginosa were strongly
inhibited, leading to a decrease in the pH of the water. When
artemisinin in the pure artemisinin group is consumed, the
algae gradually adapt to the external environment and slowly
recover photosynthesis, resulting in a gradual increase in the
pH. The phycobiliproteins in the artemisinin algaecide group
showed a declining trend when the photosynthesis of M. aeru-
ginosa was inhibited. This reduced the CO2 consumption in the
water body and thus, increased the pH. The pH of water affects
the growth of M. aeruginosa, and the structure of algal cells is
damaged in a highly acidic medium (H+ concentration is high)
or a highly alkaline medium (OH-concentration is high).

Algae are the primary producers in water bodies and
consume CO2 and H2O during photosynthesis to produce O2,
thereby increasing the DO content in the water. Therefore, with
the proliferation of M. aeruginosa cells in the blank group, the
number of algal cells increased, resulting in a gradual increase
in the content of DO in the water. Aer one cycle (10 days), the
content of DO remained stable. In the pure artemisinin group,
the photosynthesis ofM. aeruginosa was inhibited in the rst 20
days, resulting in a low content of DO. With the consumption
and transfer of artemisinin in the solution, the algae restored
photosynthesis and increased the DO content of the culture
solution. In the artemisinin sustained-release algaecide group,
since there was enough algae-inhibiting active substance in the
water body to inhibit the photosynthesis of M. aeruginosa, the
DO content in the water body was always low.

A change in the pH is related to the CO2 content in the water.
The dissolved CO2 in the water forms carbonate and the ioni-
zation [H+] causes the pH of the water to drop. In the blank
group, due to the adaptability of the organism, the algae
adjusted the pH of the water during growth, which caused the
water to turn alkaline. When sufficient nutrient elements were
present,M. aeruginosa grew normally, and CO2 in the water was
consumed during photosynthesis, which caused the pH to drop.

5. Conclusion

Pure artemisinin can signicantly reduce the content of phy-
cobiliprotein and esterase activity, causing algal cells to
undergo photosynthesis in a short period (0–20 days) and
resulting in the death of many algal cells. There were very few
living cells in the solution which were initially prevented from
growing; aer consuming pure artemisinin, they gradually
resumed growth. The artemisinin sustained-release algaecide
released artemisinin gradually, and the cumulative
© 2022 The Author(s). Published by the Royal Society of Chemistry
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concentration of sustained-release in different media followed
a similar pattern. Aer 10 days, the effect of artemisinin on algal
cells and the amount of the sustained-release algaecide reached
a dynamic balance, which was sufficient to inhibitM. aeruginosa
growth. Additionally, most algal cells died on reducing the
content of phycobiliproteins in algal cells. Although the growth
of some cells was inhibited, cell activity was still detected. Since
the esterase had an energy-independent metabolic activity, its
activity recovered and continued to increase aer 15 days. Aer
the artemisinin sustained-release algaecide was removed from
the culture solution, the artemisinin in the solution still showed
a continuous algae-inhibiting effect.
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