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a b s t r a c t
Harmful algal bloom stimulated by eutrophication has gained increasing attention worldwide. This 
phenomenon deteriorates water quality and destroys the local ecological equilibrium, and thus must 
be addressed. Ultrasound can effectively inhibit the growth of bloom algae, but its effect on the organic 
matter of Microcystis aeruginosa cells remains unknown. Moreover, the mechanism of ultrasonic 
irradiation is unclear. This study investigated algal biomass, zeta potential, organic matter, and protein 
after treatment with different ultrasonic frequencies and power densities to optimize ultrasonic 
parameters and reveal the mechanism of the effect of ultrasonic irradiation on algae. Results showed 
that low-frequency ultrasonic irradiation effectively inhibited blue algae growth. The zeta potential, 
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) protein gray value, and phycobiliprotein 
level decreased, whereas the fluorescence peak of fulvic acid and dead cells increased. The damage to 
the RuBisCO protein in algae treated by ultrasonic frequency of 40 kHz was more severe than that in 
algae treated by the frequency of 20 and 100 kHz under the power density of 0.0628 W/mL. The high 
ultrasonic density caused severe damage to the RuBisCO protein and photosynthesis. Under a specific 
ultrasonic frequency, higher power density leads to more obvious inhibition on algae cells. Thus, the 
growth of M. aeruginosa can be controlled under the optimal ultrasonic frequency and power density 
of 40 kHz and 0.0628 W/mL, respectively.
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1. Introduction

The incidence of cyanobacterial blooms stimulated 
by water eutrophication has increased worldwide. 
Cyanobacterial blooms cause water quality degradation, 
aquatic ecosystem imbalance, bad odor, and microcys-
tin release [1–3], which lead to indiscriminate killing of 
fishes and invertebrates in water, various health prob-
lems to humans, and high cost of water treatment [4,5]. 
Therefore, control and prevention of cyanobacterial bloom 
have become a pressing global issue [6]. At present, engi-
neering methods, chemical processes, biological control, 
and modified clay technology are the four main measures 

used to control cyanobacterial blooms; examples of them 
include blocking the sunlight, adding algal-inhibiting agent 
or algicide, and introducing algae eaters [7,8]. However, 
these processes exhibit disadvantages, such as high cost, 
complex operation, and secondary pollution, which limit 
their application [9].

Scholars have focused on controlling algal growth 
by ultrasonic irradiation. This method can remove 
algal toxins while being used to control cyanobacterial 
blooms [10]. Ultrasonic irradiation can damage the 
photosynthetic system of algae by continuously decreasing 
the chlorophyll a content [10]. A previous research reported 
that high-frequency ultrasonic irradiation led to severe 
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damages to Melosira granulate [11]. Klemenčic et al. [12] 
proposed the use of ultrasonic irradiation to effectively 
sink floating algae. Numerous studies have investigated on 
inhibiting algal growth by ultrasonic irradiation [13,14], but 
the effect of such method on the organic matter of algal cells 
has not been thoroughly studied.

Algae contain organic matter, such as phycoeryth-
rin (PE), phycocyanin (PC), allophycocyanin (APC), D1 
protein, ribulose-1,5-bisphosphate carboxylase/oxygenase 
(RuBisCO) protein, chlorophyll a, tryptophan, and tyro-
sine. Extracellular organic matter (EOM) is formed by the 
metabolism of algal cells in water, and intracellular organic 
matter (IOM) is formed by the decomposition of algal 
cells [15]. Organic matter is released into the water during 
the apoptosis of algal cells. Analysis of three-dimensional 
excitation–emission matrix (EEM) indicated that organic mat-
ter of algae consists of protein and humus [16]. Liu et al. [17] 
determined the three-dimensional EEM fluorescence spectra 
of EOM and IOM under ultrasonic irradiation for different 
durations. The concentrations of protein, plastic organic 
matter, and dissolved organic nitrogen increased with time. 
However, limited information is available regarding the 
effect of different ultrasonic parameters on organic matter 
inside algae [17]. Organic matter synthesis is related to light 
energy. The use of ultrasound to treat Microcystis aeruginosa 
cells can damage the photosynthetic system and cause 
phycobiliprotein content degradation [18] and phycobilisome 
damage [19]. Thus, algal cells cannot synthesize organic mat-
ter with light energy. Few researchers have studied the effect 
of different ultrasound parameters on inhibiting algal growth 
by monitoring changes in organic matter. In this work, the 
optimum combination of ultrasonic parameters for inhibiting 
the growth of cyanobacterial blooms was determined based 
on changes in the total organic matter content and composi-
tion in algae cells. The effects of different ultrasonic param-
eters on the control of algae biomass were also compared. 
Results provide a theoretical basis for large-scale application 
of ultrasonic technology to inhibit algal growth in water.

2. Materials and methods

2.1. Algae culture and ultrasonic processing

M. aeruginosa cells (FACHB-905, obtained from the Dian 
Lake in China) was purchased from the Freshwater Algae 
Culture Collection at the Institute of Hydrobiology in Wuhan, 
China. The cells were cultured in BG-11 growth medium at 
30°C ± 1 °C under light–dark cycle of 14 h:10 h with cold 
incandescent light as source and illumination intensity of 
2,000 lx [20]. The initial pH of the medium is close to 7.0 [21].

Algal cell suspension was treated with 20, 40, and 100 kHz 
of ultrasound. The untreated samples were used as control. 
The fluid volume of algae in the experimental groups treated 
with ultrasonic irradiation for 5 min was 100 mL per bottle, 
and the culture conditions were the same as those used in the 
control groups. The suspension of algal cells was subjected to 
ultrasound at different frequencies (20, 40, and 100 kHz) and 
a fixed power density of 0.013 W/mL; and different power 
densities (0.0126, 0.0224, and 0.0628 W/mL) and a fixed fre-
quency of 40 kHz. The treated samples were cultured in an 
incubator for 2, 24, 48, 96, and 144 h and then analyzed.

2.2. Detection of zeta potential

Zeta potential of the samples was measured by a laser 
particle size analyzer (Zetasizer Nano ZS, Malvern, UK), 
which can detect the charges of the algal solution.

2.3. Detection of three-dimensional fluorescence spectrum

2.3.1. Extraction of EOM

EOM of algae was collected using a high-speed 
refrigerated centrifuge [22]. The algal samples were 
centrifuged at 5,000 rpm and 4°C for 10 min. The cell-free 
supernatant was filtered through 0.45 μm membrane, and 
organic matter in the filtrate represented EOM.

2.3.2. Extraction of IOM

IOM was collected using the method of Tian et al. [23]. 
Algal samples were centrifuged at 5,000 rpm for 10 min, and 
the precipitate was washed by deionized (DI) water three times 
to remove the interference of culture solution on the algae cell 
surface. The solution was added with DI water (DI water/
algae = 15 mL/g) and frozen and thawed twice. The samples 
were then treated by an ultrasonic cell crusher for 30 min to 
completely release IOM. The samples were collected after 
centrifugation at 5,000 rpm for 10 min and filtered through 
a 0.45-μm glass fiber filter. The cell-free enzyme supernatant 
was placed in brown bottles at 4°C for further use.

2.3.3. Detection of three-dimensional EEM

Algal EOM and IOM were detected using a fluores-
cence spectrophotometer (FS5, Edinburgh Instruments, UK) 
through fluorescence spectrum scanning. Detection was 
conducted using a 1-cm quartz fluorescence sample cell at 
room temperature. Laser light illumination was provided by 
a 150-W xenon lamp. The slits of grating for excitation and 
emission were of 1.4 nm. The spectra with excitation from 
200 to 750 nm at 5 nm increments and emission from 200 to 
800 nm at 5 nm increments were scanned.

2.4. Detection of photosynthetic protein

2.4.1. Extraction and determination of total protein

Total protein of M. aeruginosa was extracted according 
to the method of Tao et al. [6]. In brief, 50 mL of the algal 
suspension was centrifuged at 5,000 rpm and 4°C for 
10 min to collect algal cells. The cells were resuspended in 
phosphate-buffered saline (PBS) solution and centrifuged. 
The cell-free enzyme supernatant was deposited on ice to 
prevent protein degradation because of the hot temperature 
during the addition of the lysis buffer. The sample was mixed 
with 100 μL of lysis buffer, frozen in liquid nitrogen for 15 s, 
and unfrozen with an ultrasonic cell crusher; these processes 
were repeated three times. All samples were centrifuged at 
5,000 rpm and 4°C for 10 min, and the suspension represented 
the total protein of M. aeruginosa. Total protein concentration 
was detected using  the bicinchoninic acid (BCA) protein 
assay kit (Beyotime, China) [6].
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2.4.2. Detection of the RuBisCO protein

The RuBisCO protein of M. aeruginosa was detected 
through Western blot analysis according to the method of 
Six et al. [24]. The sample (90 μL) was mixed with 30 μL of 
dithiothreitol (DTT) sodium dodecyl sulfate - polyacrylamide 
gel electrophoresis (SDS-PAGE) loading buffer (4×). The 
degenerated protein was placed in a metal bath at 99°C 
and 350 rpm for 5 min. The protein was separated by SDS 
electrophoresis with 12% of separating gel. The protein was 
then transferred from the separating gel onto the polyvi-
nylidene fluoride (PVDF) membrane (IPVH00010 0.45 μm, 
Millipore, USA) that was activated with methanol. The 
method was called semi-dry method. The PVDF membrane 
was placed in blocking buffer (SW3015-100 mL, Solarbio, 
China) and incubated at room temperature for 1 h to maintain 
the specificity of the primary antibodies. The membrane was 
then incubated with primary antibody (anti-RbcL; RuBisCO 
large subunit, forms I and II;AS03037, Agrisera, Sweden) 
overnight. The PVDF membrane was incubated in secondary 
antibody (goat anti-rabbit conjugate acid radical peroxidase) 
after washing in TBST three times (10 min each). The 
membrane was then washed in TBST three times for 10 min 
for the first two washes and for 15 min for the last wash. An 
enhanced chemiluminescence (ECL) chemiluminescence 
detection kit (E411-04, Vazyme, China) was used to develop 
and analyze protein bands.

2.5. Detection of phycobiliprotein

In brief, 3 mL of the sample was centrifuged at 5,000 rpm 
for 10 min to collect algal cells and washed twice in PBS 
solution. The sample was added with 1.5 mL of the PBS 
solution, maintained at –20°C for 4 h, and incubated in the 
dark for 30 min at room temperature to shock the melt. The 
sample was then subjected to two cycles of freezing and 
thawing. The homogenate was centrifuged at 5,000 rpm for 
10 min. The cell-free supernatant was collected for photometer 
detection at A565, A620, and A650.

2.6. Algal density and inhibition rate

A blood counting chamber (1 mm × 1 mm × 0.1 mm) was 
used to count the number of algae cells. The absorbance of 
normal algal cell suspension was detected by fluorescence, 

which was also used to plot the standard curves of algae den-
sity and absorbance (OD560) and can be found in Fig. S1. The 
data of the treatment and control groups were calculated by 
the standard curves.

The inactivation efficiency of M. aeruginosa cells treated 
by ultrasound was measured by inactivation rate (Ir) [25] 
based on the growth rate of cells. Ir was calculated according 
to the following equation:
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where Ir is the inactivation rate based on the growth rate of 
cells (%), νC is the growth rate of control cells, νT is the growth 
rate of treatment cells, NTi  is the algal density of treatment 
groups that had been cultured for time i (h), NT0

 is the initial 
algal density of treatment groups, NCi

 is the algal density of 
control groups that cultured for time i (h), and NC0

 is the initial 
algal density of control groups.

2.7. Data analysis

Data were analyzed using Microsoft Excel, Origin8.0, 
and IBM SPSS Statistics 18. The protein bands were analyzed 
using Image Lab 3.0.

3. Results and discussion

3.1. Zeta potential of algal cells

Zeta potential can reflect the stability of algal solution 
in aqueous solutions. Algal cells were negatively charged 
[26]. Metabolites produced by metabolic activity in algal 
cells were adsorbed to cell surface resulting in an increased 
electronegativity [27]. The algal cells that died or were 
disrupted by sonication decreased the algal solution 
stability.

The changes in the zeta potential under ultrasound 
exposure with different frequencies and a fixed power 
density of 0.013 W/mL are shown in Fig. 1(a). The zeta 
potentials of the algal solution after ultrasound treatment at 

(a) (b)

Fig. 1. Zeta potential after ultrasonic irradiation with (a) different frequencies and a fixed power density of 0.013 W/mL, and 
(b) different power densities and a fixed frequency of 40 kHz.
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different ultrasonic frequencies of 20, 40, and 100 kHz were 
similar. The greater the absolute value of the zeta potential is, 
the more stable the solution would be. As shown in Fig. 1(a), 
the zeta potential changed in different degrees under dif-
ferent ultrasonic frequencies, illustrating that the degree of 
coagulation changed. However, the degree of coagulation 
with different ultrasonic frequencies showed no significant 
difference. The increased zeta potential in the control 
group (40 mV) showed improved stability of the solution 
because the algal solution contains soluble EOM. Ultrasonic 
cavitation led to the change in the cell structure under 
ultrasound, thereby changing the cohesiveness of algal cells. 
The zeta potential changed from –40.8 to –29.7 mV, electronic 
conductivity fell from 3.19 to 3.09 mS/cm, and the liquidity 
increased from –3.196 to –2.394 μm cm/VS after ultrasound 
treatment (Table 1), which improved the cohesiveness of the 
solution that was good for the separation of the algae from 
water.

The changes in the zeta potential of the algal solution 
after exposure to ultrasound under different power densities 
with a fixed ultrasonic frequency of 40 kHz are shown in 
Fig. 1(b). The trends of zeta potential with the power densities 
of 0.0126, 0.0224, and 0.0668 W/mL were nearly identical. 
As shown in Fig. 1(b), the greater the power density is, the 
greater the degree of coagulation would be. The high power 
density is, therefore, beneficial to the coagulation of algal 
solution at a fixed frequency.

3.2. The three-dimensional EEM on algae cells

3.2.1. The three-dimensional EEM of total organic 
matters in algae cells

Algal EOM and IOM contained a lot of polymeric 
substances, such as proteins, peptides, and amino acids. The 
protein content of IOM is much higher than that of EOM [28]. 
Three-dimensional EEM fluorescence spectra can roughly 
analyze the content of algal organic matter containing 
proteins and humus.

The changes in the EEM fluorescence spectra under 
ultrasound exposure with different frequencies and a fixed 
power density of 0.013 W/mL are shown in Fig. 2. The spectra 
included three kinds of fluorescence peaks, including Peak A 
(PC) at Ex/Em = 620 nm/650 nm [29], Peak B (chlorophyll a) at 
Ex/Em = 440 nm/680 nm [30,31], and Peak C (tryptophan and 
tyrosine) at Ex/Em = 275 nm/340 nm [32]. As seen in Fig. 2, 
the peaks A, B, and C of the algal cells continued to rise in 
the control group within 2–144 h, which explained that the 

algal cells grew well. After 24 h of treatment, the increase of 
peaks A, B, and C revealed that the repair mechanism was 
initiated after ultrasonic treatment. During 48–144 h, the 
fluorescence spectrum peaks of algal cells began to decrease 
in the experimental groups. The result showed that the 
cellular repair mechanism was unable to repair the cells to 
the original level. When the power density was the same, the 
damage of algal cells at different ultrasonic frequencies of 20, 
40, and 100 kHz was almost the same. The result suggested 
that low frequency could reduce the damage to algal cells. 
Thus, the damage degrees of algal cells were not pronounced.

The changes in EEM under ultrasound exposure with 
different power densities and a fixed ultrasonic frequency 
of 40 kHz are shown in Fig. 3. The peaks A, B, and C of 
the algal cells also continued to rise in the control group 
within 2–144 h. In 2–144 h, the decrease of peaks A, B, and 
C revealed that the protein chlorophyll a, tryptophan, and 
tyrosine were destroyed with the power densities of 0.0224 
and 0.0628 W/mL. The greater power density and lower the 
fluorescence spectrum peak, the more severe the lesion of 
algal cells. The damage of protein chlorophyll a, tryptophan, 
and tyrosine could influence the cellular uptake and prolifer-
ation [33]. The trend was almost the same as the trend of algal 
density change.

3.2.2. EOM three-dimensional fluorescence of algae cells

The three-dimensional EEM fluorescence spectra of EOM 
under ultrasound with different frequencies and a fixed power 
density of 0.013 W/mL are presented in Fig. S2. The three 
kinds of fluorescence peaks included in the spectra are Peak 
A (humic acid type matters) Ex/Em = (350–440) nm/(430–510) 
nm, Peak B (soluble metabolites) Ex/Em = (270–290) nm/
(330–350) nm, and Peak C (fulvic acid in the ultraviolet 
region) Ex/Em = (260–275) nm/(421–464) nm [34,35]. As seen 
in Fig. S2, the peaks A, B, and C of the algal cells continued 
to rise in the control group within 2–144 h illustrating that 
the algal cells grew well. In 2 h, the decrease of peaks A, B, 
and C revealed that the cell death and the release of algal 
cell intracellular products were due to the ultrasonic treat-
ment in the different experimental groups. In 24–144 h, the 
increase of peaks A and C revealed that increasing amounts 
of humic and fulvic acid substances were released into the 
solution after ultrasonic treatment but the discrimination 
was not obvious.

The change in Peak B was different from those in peaks 
A and C. The EEM fluorescence spectra exhibited a strong 
fluorescence characteristic at the fluorescence Peak B. The 
peak value of fluorescence Peak B significantly decreased 
after ultrasonic action at different frequencies. We suggested 
that the fluorescence peak of Peak B decreased due to the 
ultrasonic treatment. Subsequently, the fluorescence peak 
of Peak B was elevated. The elevation might be because the 
cellular repair mechanism was unable to return to the initial 
level of the fluorescence peak after the ultrasonic treatment. 
The elevation showed that ultrasound had definite inhibitory 
effect on the growth of algal cells.

Three-dimensional EEM fluorescence spectra of EOM 
under ultrasound with different power densities and a fixed 
frequency of 40 kHz are presented in Fig. S3. The peaks A, B, 
and C of the algal cells continued to rise in the control group 

Table 1
Zeta potential of samples before and after the ultrasonic 
treatment

Sample Zeta potential 
(mV)

Electronic 
conductivity 
(mS/cm)

Liquidity 
(μm·cm/VS)

Control group 
(0 d)

–40.8 3.19 –3.196

40 kHz, 0.013 
W/mL (0 d)

–30.5 3.09 –2.394
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within 2–144 h. This result explained that the algal cells 
grew well. In 2 h, the fluorescence peak of Peak B increased 
gradually. M. aeruginosa fragment can absorb ammonia 
nitrogen (reach equability in 30 min), and the adsorption pro-
cess was in conformity with the Henry adsorption isotherm 
[36]. Thus, the change in the trend of Peak B was probably due 
to the absorption of the protein substance by the death of algal 
cells [37]. The fluorescence peak of peaks A and C increased 
gradually due to ultrasonic treatment. Subsequently, the 
algal cells of the experimental groups began to recover, and 
the fluorescence peaks of A, B, and C increased. The increase 
might be because cellular repair mechanism was unable to 

return to the initial level of the fluorescence peak after the 
ultrasonic treatment. The increase showed that ultrasound 
exhibited definite inhibitory effect on the growth of algal 
cells. The greater the power density is, the lower the recovery 
level of algal cells would be.

3.2.3. Effect of ultrasonic irradiation on IOM 
three-dimensional EEM of algae cells

Three-dimensional EEM fluorescence spectra of 
IOM under ultrasound with different frequencies and 
a fixed power density of 0.013 W/mL are presented in 

Fig. 2. The three-dimensional EEM fluorescence spectra after ultrasonic irradiation with different frequencies and a fixed power 
density of 0.013 W/mL.
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Fig. S4. The three kinds of fluorescence peaks included 
in the spectra are peaks A and B (soluble metabolites) 
Ex/Em = (270–290) nm/(300–350) nm and Ex/Em = (220–230) 
nm/(330–350) nm, Peak C (fulvic acid in the ultraviolet 
region), Ex/Em = (260–275) nm/(421–464) nm [34,35]. As seen 
in Fig. S4, peaks A and B of the algal cells continued to rise 
in the control group within 2–144 h. The peaks A and B were 
higher than the three-dimensional EEM fluorescence spec-
tra of EOM, which represented soluble metabolites. In the 
first two hours, the fluorescence peaks of A and B in the 
experimental groups decreased slightly. The results demon-
strated that intact algal cells had ruptured partially under 

ultrasound, and the intracellular substances were released 
into the solution. In 24–144 h, the fluorescence peak of algal 
cells began to rise but that was lower than the control group.

Three-dimensional EEM fluorescence spectra of IOM 
under ultrasound with different power densities and a fixed 
frequency of 40 kHz are presented in Fig. S5. The peaks A 
and B of the algal cells continued to rise in the control group 
within 2–144 h. This result explained that the algal cells grew 
well. In 2 h, the fluorescence peaks of A and B decreased with 
the increase in the ultrasonic power density corresponding 
to the increased fluorescence peak of soluble metabolites in 
EOM. In 2 h, the fluorescence peaks of A and B decreased 

Fig. 3. The three-dimensional EEM fluorescence spectra after ultrasonic irradiation with different power densities and a fixed 
frequency of 40 kHz.
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through increased power density, which represents the 
increase fluorescence peak of soluble metabolites in three-di-
mensional EEM fluorescence spectra of EOM. The results 
showed that the cells rupture of algae in the solution and 
the release of intracellular substance increase as the ultra-
sonic power density increases. The increase of power den-
sity resulted in the increase of the fluorescence peaks of C 
and D. The results demonstrated that the death of the cells 
increased. Subsequently, the algal cells began to recover but 
were unable to return to the initial level (see Section 3.2.2).

3.3. The photosynthetic protein

RuBisCO protein is a key enzyme in the dark reaction to 
fix the CO2 [38]. RuBisCO protein exhibited catalytic activ-
ity of carboxylase and oxygenase and can associate carbon 
assimilation with photorespiration.

The changes in the RuBisCO protein under ultrasound 
exposure with different ultrasonic frequencies and a fixed 
power density of 0.013 W/mL are shown in Fig. 4(a). In 72 h, 
different ultrasonic frequencies (20, 40, and 100 kHz) made 
unfavorable effect on the RuBisCO protein. The relative 
content of RuBisCO protein in each experimental group 
decreased to 77.4%, 69.0%, and 76.8%. The degree of damage 
under ultrasonic frequency of 40 kHz was larger than that 
of 20 and 100 kHz, and the difference of RuBisCO protein 
damage was insignificant between the ultrasonic frequency 
of 20 kHz and the ultrasonic frequency of 100 kHz (Fig. 4(b)). 
The rbcL gene is the coding gene of RuBisCO protein.

The changes in the RuBisCO protein under ultrasound 
exposure with different ultrasonic power densities and a 
fixed frequency of 40 kHz are shown in Fig. 4(c). Combined 
with Fig. 4(d), the greater the power density was, the lower 

was the grey density of RuBisCO protein bands. The results 
showed that the greater the ultrasonic power density, the 
greater the effect on the photosynthesis of algal cells.

3.4. Phycobiliprotein of algae

The phycobiliprotein in M. aeruginosa can be divided into 
three types: PC, PE, and APC. Photosynthesis is transmitted to 
the reaction center by phycoerythrocyin, PC, and chlorophyll 
a after being captured by phycobilisomes.

The changes in phycobiliprotein under ultrasound 
exposure at different ultrasonic frequencies and a fixed 
power density of 0.013 W/mL are shown in Fig. 5. The relative 
content of phycobiliprotein reached the lowest value at 2 h, 
which was about 40%. The results showed that the degree 
of the immediate damage to algae at different frequencies 
(20, 40, and 100 kHz) were similar with fixed power density. 
The results also showed that as the culture time increased, 
the change trend of phycobiliprotein was first increased and 
then decreased. The relative content of phycobiliprotein 
in algal cells was greater than that of control group at 
96 h with the frequency of 100 kHz, and this phenomenon 
might be because the algal cells exhibited a stress response 
to external disturbances. After 96 h, the relative content of 
phycobiliprotein increased negligibly or even decreased. 
From Fig. 5(b), the change trend of PC was similar to the Peak 
A in Fig. 2. The algal cells did start the repair mechanism. By 
the experimental results, 40 kHz group reduced the relative 
content of phycobiliprotein significantly.

The changes in phycobiliprotein under different 
ultrasonic power densities and a fixed ultrasonic frequency 
of 40 kHz are shown in Fig. 6. The total trend of the relative 
content of phycobiliprotein first decreased rapidly, then 

(a)
(b)

(c) (d)

Fig. 4. Change in the RuBisCO protein after ultrasonic irradiation for 72 h of (a) gel electrophoresis and (b) content of RuBisCO with 
different frequencies and a fixed power density of 0.013 W/mL, and (c) gel electrophoresis and (d) content of RuBisCO with different 
power densities and a fixed frequency of 40 kHz.
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increased, and finally decreased slowly. From Fig. 6(a), the 
relative content of PE had plunged to 0 with the frequency 
of 40 kHz and power density of 0.0628 W/mL which signed 
that PE had been destroyed completely. The relative content 
of PE was approximately 43% with the frequency of 40 kHz 
and power densities of 0.0126 and 0.0224 W/mL. The relative 
content of phycobiliprotein started to rise after 2 h; the 
greater the power density was, the higher was the level of 
the recovery of PE. The content of PE in the experimental 
group with the frequency of 40 kHz and the power density 
of 0.0126 W/mL recovered to the initial level when cultured 
to 96 h (relative component as 94%), and the content showed 
unobvious change. The trend of PC and APC was similar to 
that of PE.

According to experimental results, the trend of differ-
ent experimental groups was similar. Although some algal 
cells could be repaired, it could not be repaired completely 
due to ultrasound. These findings suggest that ultrasound 
destroyed the light energy transfer chain by destroying 
phycobiliprotein.

3.5. The effect of ultrasonic frequency on the algal density

Generally, blood cell counting method and OD560 
measured by fluorescence spectrophotometer are the 
common methods to determine the number of algal cells. 
The first method spends a lot of time. Therefore, the second 
method was used in this study because it is simple and rapid. 
Variation of the inhibition rate of algal cells after ultrasonic 
irradiation with different ultrasonic frequencies and a fixed 
power density of 0.013 W/mL is shown in Figs. 7(a) and (b). 
In 2 h, the effect of ultrasound on the growth inhibition of 
algal cells was most obvious, the inhibition rate of experi-
mental groups were 1547%, 1069%, and 1256%. The algal 
density increased continuously with the increase of culture 
time. The algal density in different experimental groups 
was close to 96 h, but the algal density of the experimental 
group was lower than that of the control group (Fig. 7(a)). 
This showed that the growth of the algal cells after 96 h was 
inhibited after ultrasonic treatment. The inhibition rate was 
greater than 0, which indicated that ultrasound played a 

Fig. 5. Change in phycobiliprotein after ultrasonic irradiation 
with different frequencies and a fixed power density of 
0.013 W/mL: (a) PE, (b) PC, and (c) APC.

Fig. 6. Change in phycobiliprotein after ultrasonic irradiation 
with different power densities and a fixed frequency of 40 kHz: 
(a) PE, (b) PC, and (c) APC.
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certain role in inhibiting the growth of algal cells. However, 
the experimental results showed that the effect of different 
frequencies with a fixed power density on algal cells density 
was not obvious; the algal density in the experimental group 
began to increase in the late stage, which was similar to the 
experimental results of Rajasekhar et al. [39].

3.6. Interaction mechanisms

The results showed that the mechanism of ultrasound on 
algal cells mainly included mechanical action and cavitation 

effect [40]. Fig. 8 showed a rapid decrease in fluorescence peak 
when the samples were treated by ultrasound in 40 kHz and 
0.0628 W/mL for 2 h, which presented the degradation of B 
peak’s intensity and the increase of A and C peaks’ intensity of 
EOM and EEM, whereas the variation trend of IOM was just 
opposite. We previously investigated whether ultrasonic irra-
diation in water produced free radicals. The results showed 
that ca 0.5 μmol/L hydroxyl radical (·OH) was produced under 
the frequency of 40 kHz [41]. Hence, acute cell damage caused 
by acute erosion and oxidation of algal cells after ultrasonic 
treatments may be attributed to the generation of ·OH during 

(a) (b)

(c) (d)

Fig. 7. Change in algal density (a) and inhibitory rate (b) after ultrasonic irradiation with different frequencies and a fixed power 
density of 0.013 W/mL, and change in algal density (c) and inhibitory rate (d) after ultrasonic irradiation with different power densities 
and a fixed frequency of 40 kHz.

Fig. 8. Interaction mechanism of ultrasound on algae.
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cavitation effect and its strong oxidizability [42]. The changes 
in EOM and IOM were mainly based on the changes in the 
cells themselves, as reflected by the slow increase in the EOM 
class humus peak and slow reduction of IOM. Meanwhile, 
the algal cell inhibition rate reached the maximum at 2 h after 
the inhibition rate decreased at 2–144 h in the experimental 
groups, which indicates that the process may be relative to the 
cellular repair mechanisms. The metabolism of experimental 
group was slower, which showed that ultrasonic treatments 
played a certain role in inhibiting the growth of algae cells.

4. Conclusion

After certain ultrasonic treatments, algae cells were 
self-healing, but the algae density of the experimental groups 
and the absolute value of zeta potential were always lower 
than those of the control groups. EEM spectrum showed that 
the fluorescence peak value of the fluvic acid-like substances 
in treated samples increased, which may be attributed to 
increased cell deaths. The phycobiliprotein content of the 
treated samples dropped dramatically after ultrasonic treat-
ments. These results suggest that the ultrasonic frequency 
and power density in the range of 40 kHz and 0.0628 W/mL 
may be useful in controlling growth and reproduction of 
algae, respectively.
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Fig. S1. The standard curves of algae density and absorbance.

Fig. S2. The three-dimensional EEM fluorescence spectra of EOM after ultrasonic irradiation with different frequencies and a fixed 
power density of 0.013 W/mL.
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Fig. S3. The three-dimensional EEM fluorescence spectra of EOM after ultrasonic irradiation with different power densities and a 
fixed frequency of 40 kHz.
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Fig. S4. The three-dimensional EEM fluorescence spectra of IOM after ultrasonic irradiation with different frequencies and a fixed 
power density of 0.013 W/mL.
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Fig. S5. The three-dimensional EEM fluorescence spectra of IOM after ultrasonic irradiation with different power densities and a fixed 
frequency of 40 kHz.


