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Harmful algal blooms (HABs) pose a significant threat to aquatic ecosystems. Conventional anti-algal methods
are associated with low anti-algal efficiency, and absence of treatment of toxins released by algae. Therefore, it is
essential to establish effective HAB prevention strategies. Artificial nanozymes have a great potential in
combating HABs due to their unique catalytic properties. An ultra-small carbon dots nanozyme (VCN) with
oxidase-like activity was synthesized in this study. VCN exerts its catalytic effect by catalyzing the production of
reactive oxygen species (ROS) from oxygen. VCN was utilized to inactivate hazardous marine algae based on its
catalytic properties. It was found that VCN could rapidly remove more than 90% of harmful algae (Skeletonema
costatum and Phaeocystis globosa) in just 4 h under environmental visible light. To the best of our knowledge, the
algae removal efficacy is greater than that of previous reports. Additionally, VCN could attenuate the toxicity of
toxins released by algae to counteract secondary pollution caused by algal fragmentation, which is important for
practical applications in water pollution caused by algae. Collectively, under applicable and mild conditions, the

VCN-presented enzyme activity can efficiently reduce HABs caused harmful pollution.

1. Introduction

Harmful algal blooms (HABs) caused by a variety of different types of
algae have become a growing global problem in recent years [1]. In
addition to endangering aquatic ecosystems, high densities of algae and
the toxins produced by algae pose a grave threat to human safety and
causes economic issues, such as causing mass fish kills and increasing
costs of the purification of drinking water [2]. Currently, the main
methods to approach this global problem include salvage, ultrasound,
algaecide (sodium hypochlorite, hydrogen peroxide), photocatalysis,
and biological removal [2-14]. However, the application of algae
removal strategies such as salvage and ultrasound is limited by their
higher cost and difficulty in large-scale use [3]. Although photocatalytic
algaecides are a promising strategy to combat algae, the metal elements
contained in most photocatalytic algaecides inevitably pose a threat to
ecosystems [12,15]. Further, mechanical fragmentation tends to result
in the release of algal toxins, and the released toxins will cause greater
secondary contamination than algal overgrowth [16,17]. Therefore,
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there is an urgent need to develop efficient anti-algal techniques to deal
with HABs and the pollution they cause.

Nanozymes are a class of nanomaterials that catalyze the conversion
of substrates into products and follow enzyme kinetics [18-22]. As a
new generation of artificial enzymes, nanozymes have received wide-
spread attention due to their higher stability than natural enzymes and
their ease of mass production [23,24]. Up to now, a variety of nano-
materials, such as metal-based compounds, carbon nanotubes, carbon
dots, transition metal oxides/peroxides/dihalides, and metal-organic
frameworks have exhibited enzyme-like activities [25-29]. Among the
many nanozymes, carbon dots nanozyme showed great potential in the
biological field due to their low biotoxicity [30-34]. It was found that
nanozymes with mimic peroxidase (POD) and oxidase (OXD) activity are
capable of converting hydrogen peroxide or oxygen into toxic ROS,
respectively [35]. These excess ROS are able to destroy cell membranes,
proteins or nucleic acids, killing a wide range of microorganisms,
including bacteria and fungi [36,37]. With the rapid development of
nanozymes, they are widely used in biosensing, treatment of bacterial
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Scheme 1. Schematic diagram of the anti-algal activity and inactivation
mechanism of VCN against marine harmful algae.

infections, and diagnosis and treatment of cancer [18-23,38]. However,
the inactivation of algae by nanozymes is not clear. Therefore, it is
challenging to use nanozymes as an anti-algal strategy to combat HABs.

Ideally, anti-algal agents should be able to tolerate salt while
inhibiting algal growth and their secreted toxins under mildly environ-
mental conditions. Herein, an ultra-small carbon dots nanozyme was
prepared for the inactivation of marine harmful algae. VCN exhibited
visible light activated OXD-like activity and the catalytic process of VCN
towards the substrate was consistent with the classical kinetic model of
enzymatic reactions (Michaelis-Menten equation). According to the
Michaelis-Menten equation, the Michaelis constant (K,) and maximum
velocity (Vmax) of VCN were calculated as 0.29 mM and 1.1 pMs’l,
respectively. It was reported that most light-activated nanozymes ten-
ded to show optimal catalytic activity under acidic or neutral conditions
[30,32,39-41], which may make it difficult for them to work in weakly
alkaline seawater. In this work, VCN maintained high catalytic activity
in buffers with pH values from 4 to 11, in highly concentrated NaCl
solution (40 g/L) and at temperatures ranging from 20 to 80 °C, sug-
gesting the prepared VCN could work under harsh conditions. It was
found that VCN showed OXD-like activity by catalyzing the generation
of ROS from oxygen to oxidize the substrate. Based on the characteristics
of VCN, the anti-algal activity and inactivation mechanism of VCN were
investigated using two typical marine harmful algae causing red tide,
such as Skeletonema costatum (S. costatum) and Phaeocystis globosa
(P. globosa) as models (Scheme 1). The results indicated that VCN was
able to remove more than 90% of harmful algae in a much shorter period
of time than other carbon dots without enzyme-like activity [42,43].
Importantly, VCN showed stronger anti-algal activity against harmful
algae than observed in previous reports [5,6,11-15,44-51]. Moreover,
the hemolytic activity of toxins released by the algae is also inhibited by
the VCN, largely reducing the secondary threat posed by the destroyed
algae. Next, the anti-algal mechanism of VCN was studied and analyzed
by various techniques. VCN was discovered to increase toxic ROS within
algal cells when exposed to visible light from the environment. These
ROS disrupted the redox balance inside algal cells and induced oxidative
stress, leading to destruction of cell wall structure and the death of algal
cells. In conclusion, this work has developed a carbon dots nanozyme
with oxidase-like activity activated by environmental visible light and
elucidated its anti-algal activity and inactivation mechanism against
marine harmful algae. This study provides a new strategy for the
treatment of HABs and broadens the potential of nanozymes for mi-
crobial control application.
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2. Materials and methods
2.1. Instruments and reagents

The following reagents were used in the experiments: tartaric acid
and diethylaminophenol (Shanghai Aladdin Biochemical Technology
Co., Ltd., China), 3, 3, 5, 5'-tetramethylbenzidine (Sigma-Aldrich, USA),
F/2 medium (Shanghai Guangyu Biological Technology Co., Ltd.,
China), sea salt (Shanghai Guangyu Biological Technology Co., Ltd.,
China), phosphate buffered saline (Biosharp, China), ROS Brite™ 670
(AAT Bioquest Inc., USA), glutaraldehyde (25%, Shanghai Aladdin
Biochemical Technology Co., Ltd., China). The kits used were: Cell
Counting Kit-8 (Beyotime Biotech Inc., China), superoxide dismutase
activity assay kit (Beijing Solarbio Science & Technology Co., Ltd.
China), catalase activity assay kit (Beijing Solarbio Science & Technol-
ogy Co., Ltd., China), and malondialdehyde (MDA) content assay kit
(Beijing Solarbio Science & Technology Co., Ltd., China). The following
algal species were used: S. costatum and P. globosa (Shanghai Guangyu
Biological Technology Co., Ltd., China). The experimental equipment
used included a transmission electron microscope (FEI Tecnai G2 F20,
USA), scanning electron microscope (Hitachi SU3500, Japan), Fourier
transform infrared spectrometer (Nicolet iS 10, USA), ultraviolet visible
absorption spectrometer (Shimadzu UV 1750, Japan), X-ray photoelec-
tron spectrometer (Axis Ultra DLD Kratos AXIS SUPRA, UK), electron
spin resonance (ESR) spectroscopy (Bruker EMXplus, Germany), and X-
ray photoelectron spectra were fitted using XPS peak41 software. The
confocal fluorescence imaging was performed using Laser-scanning
confocal fluorescence microscopy (Nikon, A1R MP + and Carl Zeiss,
LSM 800 with Airyscan) and Leica SP8 confocal microscopy. The fluo-
rescence intensities of the confocal images were measured using ImageJ
software.

2.2. VCN preparation

Tartaric acid (2.3 mmol) and 3-diethylaminophenol (0.9 mmol) were
blended in 20 mL of deionized water and then placed in an autoclave
lined with polytetrafluoroethylene. The solution mixture was left to
react in an oven at a constant temperature of 200 °C. After 48 h, the
reaction solution was removed and returned to 20 °C. The reaction so-
lution was filtered and dialyzed via a 0.22 m filter membrane to obtain
the VCN solution. The concentration of VCN was assessed by the
lyophilization method. 50 mL of VCN solution was frozen at —20 °C for
more than 24 h and then lyophilized using a freeze dryer to obtain VCN
solids. Finally, the concentration of VCN was calculated from the mass
and volume of VCN.

2.3. Oxidase-like activity assessment

2.3.1. Oxidase-like activity assay

The oxidase-like activity of VCN was assessed by colorimetric
determination [52]. 3, 3, 5, 5-tetramethylbenzidine (TMB) is a typical
chromogenic substrate for the detection of oxidase activity. In the
presence of oxidase, TMB is oxidized and changes from colorless to blue,
producing a characteristic peak at 652 nm. The oxidase activity can be
assessed based on the degree of oxidation of TMB. The experimental
steps were as follows: TMB (40 mM, 100 pL) was mixed with VCN (5 mg/
mL, 100 pL) in PBS buffer (800 pL) at 25 °C under environmental visible
light irradiation or darkness. Then, the absorbance curves of these
mixture were recorded using UV-Vis absorption spectrometer, without
TMB as a background.

2.3.2. Determination of catalytic kinetic parameters

The relationship between the rate of VCN-catalyzed substrate
oxidation and substrate concentration was analyzed by the classical
kinetic model of enzymatic reactions, the Michaelis Menten equation
(Eq. (1)) [30]. The maximum reaction velocity (Vnax) and the Michaelis
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Fig. 1. Characterization of VCN. (a) Diagram of the synthetic route of VCN. (b) TEM image of VCN and the associated particle size distribution. (c) The FTIR
spectrum of VCN. (d, e, f) The XPS full spectrum, C 1 s, N 1 s spectra of VCN. (g) The UV-Vis spectrum, PLE and PL spectra of VCN.
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constant (Ky,) were plotted by Lineweaver Burk’s double reciprocal
plotting (Eq. (2)). By plotting the linear fit of the reciprocal of the ve-
locity (1/V) against the reciprocal of the substrate concentration (1/
[S]1), the Vihax and Ky, values were calculated according to the slope and
intercept.
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_ 1
S+ Ko W
1 K, 1 1

1K, 11
V Vo S Vi

(2)

2.3.3. Stability test

The experiments on the catalytic stability of VCN (0.5 mg/mL) were
performed in buffers of different pH values (pH = 4-11), solutions with
different concentrations of sodium chloride (0-40 g/L), and solutions
with different ions (25 pM of Pb2+, Agt, Zn2+, Mn2+, Ca2+, Fe3+, Mg2+,
SO?{, HCO3 and CO%’) and at different temperatures (20-80 °C) [53].
The VCN/TMB mixture without additional ions was set as the control
group, and its absorbance value at 652 nm was labeled as Ay, and the
absorbance values measured under the other conditions were labeled as
A. The A/A, ratio was calculated to evaluate the stability of VCN as an
oxidase mimic. Cycling experiments were performed by determining the
catalytic activity of the VCN and TMB systems under multiple light-dark
cycles by a colorimetric method [54]. Specifically, the system of VCN
and TMB was irradiated under visible light condition for 10 min, and the
solution changed from colorless to blue. After being left in the dark for
30 min, the color of TMB returned to colorless. Finally, the above steps
were repeated to obtain the cyclic experimental data for VCN.

2.4. Anti-algae experiment

The medium required for algal growth was prepared according to the
F/2 medium formulation, which included 0.00565 g/L NaH2PO4-H20,
0.075 g/L NaNOs, 1 mL/L trace metal solution, 1 mL/L vitamin solution
and artificial seawater containing 33 g/L sea salt, additionally supple-
mented in the medium of S. costatum with 0.03 g/L NaSiO3-9H,0 [55].
The trace metal solution was obtained by adding to each liter of water
with 4.16 g NayEDTA, 3.15 g FeCl3-6H50, 0.01 g CuSO4-5H50, 0.022 g
ZnS04-7H20, 0.01 g CoCly-6H20, 0.18 g MnCly-4H20, 0.006 g
NasMoO4-2H50. The vitamin solution was composed of 0.005 g/L
vitamin B12, 0.1 g/L thiamine hydrochloride and 0.0005 g/L biotin. The
medium was sterilized by filtration through a 0.22 pm microporous
membrane. S. costatum and P. globosa were seeded into the medium and
incubated in an incubator at 25 °C, where the light-dark cycle (LED,
5000 Ix) was light: dark = 12 h:12 h [56]. The growth density of the
algal cells was determined by measuring the optical density of the algal
cells at 680 nm [57]. S. costatum and P. globosa (10 mL, 2 x 10° cells/L)
were treated with different concentrations of VCN (0, 0.35, 0.7, 1.0, 1.5
mg/mL), respectively. The anti-algal performance of VCN was assessed
by changes in algal density, and the measurements were corrected using
the appropriate concentration of VCN solution as a background in order
to avoid the influence of VCN itself on the measurements. The anti-algal
rate of algae by VCN was quantified by calculating (Cyp-C/Cp) x 100%,
where the initial growth density of algae without VCN treatment (con-
trol) was denoted as Cy, and the growth density of algae treated with
VCN was denoted as C. In addition, the anti-algal activity of VCN on the
marine algae was evaluated. Marine algae collected from Shenzhen Bay
were co-mixed with VCN (1.5 mg/ml) and changes in algal density were
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Fig. 4. Anti-algal performance of VCN. (a, b, ¢, d) Curves of relative growth
densities (C/Cp) with time for different concentrations of VCN (0, 0.35, 0.70,
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observed after exposure to visible light for 4 h.

2.5. Analytical methods

2.5.1. Determination of chlorophyll a and chlorophyll b contents

Chlorophyll a (Chl a) and chlorophyll b (Chl b)were extracted using
the hot ethanol extraction method [5]. The algal suspension was
centrifuged at 8000 rpm for 5 min to obtain the precipitate. After 12 h of
freezing at —20 °C, 2 mL of 95% ethanol (80 °C) was rapidly added to the
precipitate for 2 min, followed by 10 min of sonication. The resulting
solution was stored in the dark at 4 °C. After 12 h, the supernatant was
obtained by centrifugation at 8000 rpm for 5 min, and the absorbance of
the supernatant was measured at 649 (Ag49), 665 (Aggs), and 750 (Azs0)
nm. The results obtained were calculated using the modified Lich-
tenthaler formula, as follows:

Chla = 13.95 X (Agss — Az50) — 6.8 X (Agso — Azs0) 3

Chlb = 24.96 x (Agis — Arso) — 7.32 X (Agss — Avso) &)
2.5.2. Extraction of hemolytic toxin

Hemolytic toxin was obtained from P. globosa [58]. The extraction
procedure was as follows: The algal cell suspension of P. globosa was
centrifuged at 8000 rpm for 5 min to obtain the algal sediment. The
collected algal cells were dispersed into a mixture of chloroform:
methanol: water = 13: 7: 5, and then crushed using an ultrasonic cell
crusher (600 W, 30 min) at 4 °C. After layering, the lower layer was
dried and dissolved in methanol to obtain a crude extract of hemolytic
toxin. A mixture of crude extract of hemolytic toxin with different

Chemical Engineering Journal 472 (2023) 145029

Table 1
Comparison of the anti-algae activity of different nanomaterials against harmful
algae.

Nanomaterials Algae species Removal Dosage References
time (h) (g/L)

TiOy Skeletonema 168 0.03 [6]
costatum

Carbon dots Anabaena 168 0.21 [43]

Cu-MOF-74 Microcystis 120 1 [50]
aeruginosa

Co nanoparticles Skeletonema 96 0.05 [48]
costatum

ZnO nanoparticles Skeletonema 96 0.01 [49]
costatum

Nitrogen-doped Microcystis 12 0.2 [14]

black TiO4 aeruginosa

AP-EGC-CT5 Microcystis 9 2 [13]
aeruginosa

PDDA@NPT-EGC Microcystis 9 2 [44]
aeruginosa

Ag,CO3-GO Microcystis 9 0.1 [11]
aeruginosa

MOF-235 Microcystis 6 0.01 [46]
aeruginosa

NP-TiO,/C Microcystis 6 4 [45]

composites aeruginosa

Zn-doped Fe304 Microcystis 6 0.05 [47]
aeruginosa

Ag/AgCI@ZIF-8 Microcystis 6 0.01 [12]
aeruginosa

Ag;0/gC3Ny Microcystis 6 0.05 [5]
aeruginosa

Ag,CO3N: GO Microcystis 5 4 [15]
aeruginosa

PG/Ag,0 Microcystic 5 0.2 [51]
aeruginosa

VCN Skeletonema 4 1.5 This work
costatum
Phaeocystis
globosa

concentrations of VCN (0.35, 0.70, 1.0, 1.5 mg/mL) and then exposed to
visible light for 4 h to obtain the crude extract of VCN-treated hemolytic
toxin.

2.5.3. Determination of hemolytic activity

The hemolytic activity of hemolytic toxin was tested [58]. 0.5 mL of
the crude extract of hemolytic toxin was added to 0.5 mL of isotonic
solution of citric acid buffer (3.4 g/L NaCl, 8.6 g/L sodium citrate, 1.8 g/
L glucose, pH = 7) and 0.5% (v/v) rabbit red blood cells diluted with
isotonic solution of citric acid were added to a water bath at 37 °C for 30
min. After centrifugation (3000 rpm, 5 min), the absorbance at 540 nm
of the supernatant solution was measured, where the fully hemolyzed
solution was used as a positive control and the isotonic solution as a
negative control. The hemolytic activity was quantified by calculating
(As-A))/(Ag-Aj) x 100%, where Ay, A; and Ag were the absorbance at 540
nm of the positive control, the negative control and the experimental
group, respectively.

2.5.4. Detection of intracellular ROS in algae

The level of ROS in the algal cells was assessed using confocal mi-
croscopy [59]. Algae (S. costatum and P. globosa) treated with VCN (1.5
mg/mL) were incubated in the same environment as the control
(without VCN). After 1 h of visible-light irradiation, the obtained algal
cells were centrifuged at 8000 rpm for 3 min, washed with PBS three
times to remove excess VCN, and then centrifuged at 8000 rpm for
another 3 min. The precipitate was then mixed with a ROS detection
probe (ROS Brite™ 670) [60]. After incubation for 15-30 min, the algal
suspension was obtained by centrifuging (8000 rpm, 3 min) and washing
with PBS. The prepared suspension was dropped onto a slide, covered
with a coverslip, and fluorescence field images of the ROS Brite™ 670
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Fig. 5. (a, b) Chlorophyll a and Chlorophyll b content
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were collected under 647 nm laser irradiation using a confocal
microscope.

2.5.5. Determination of SOD activity, CAT activity, and MDA content

Superoxide dismutase (SOD) activity, catalase (CAT) activity, and
MDA content of the algal cells were determined and calculated using
SOD activity, CAT activity, and MDA content assay kits, respectively.
The extraction of SOD, CAT, and MDA from algal cells was performed as
follows: the algal cell suspension was centrifuged at 8000 rpm for 5 min
to obtain the algal sediment; then, 2 mL of PBS (4 °C) was added, and the
solution was incubated at —20 °C for 12 h [51]. The algal cells were
repeatedly freeze-thawed three times to break the cells. The supernatant
was collected after centrifugation (8000 rpm, 3 min) and used to assess
SOD and CAT activity and MDA content.

2.5.6. SEM sample preparation of algae

SEM sample of S. costatum and P. globosa were prepared by gradient
dehydration [48]. S. costatum and P. globosa incubated with VCN and the
control group without VCN were centrifuged at 4000 rpm for 3 min,
after which they were soaked in 2.5% glutaraldehyde for 4 h. After
centrifugation, the algae were dehydrated over several steps, including
soaking and centrifugation at ethanol concentrations of 30, 50, 70, 85,
95, and 100%. The final ethanol solution containing algae was then
dropped onto silicon wafers, dried, and examined under a scanning
electron microscope.

2.6. Statistical analysis

Data are expressed as mean =+ standard deviation (SD). The sample
size was five (n = 3) unless mentioned otherwise. The significance of the

differences between the groups was calculated using a two-tailed t-test.
Differences were considered statistically significant at P < 0.05. Data
were analyzed using Origin v.9.0 (Origin Lab, USA) and Prism software
package (Prism 7.0, GraphPad Software, USA).

3. Result and discussion
3.1. Characterization of VCN

The VCN prepared from tartaric acid and 3-diethylaminophenol via
hydrothermal method were characterized using a range of techniques
(Fig. 1a). TEM image and high-resolution TEM (HRTEM) image of VCN
showed that VCN had a near-spherical shape, with a size distribution
within 2.1-5.7 nm and 0.21 nm interplanar spacing assigned to the
(100) lattice plane of graphite (Fig. 1b and Fig. S1), revealing that VCN
have a graphite-like structure. In order to analyze the chemical func-
tional groups of VCN, Fourier transform infrared spectroscopy (FTIR)
spectrum of VCN was examined. Many typical peaks were observed in
FTIR spectrum of VCN (Fig. 1¢), including O-H stretching (broad peaks
located at 3546, 3472, 3416 cm’l), N-H stretching (peak located at
3238 cm_l), C = O stretching (peak located at 1618 em™)), C-O
stretching (located at 1386 cm’l), and C-O stretching (located at 1127
em™1), indicating that VCN had various functional groups such as hy-
droxyl, amino and carbonyl groups [61]. Furthermore, the elemental
composition and structure of VCN were analyzed by X-ray photoelectron
spectroscopy (XPS). The full XPS spectrum (Fig. 1d) displayed three
characteristic peaks corresponding to C (284.5 eV), N (401.1 eV) and O
(531.5 eV) elements and the atomic ratio occupied by each element was
65.45%, 4.08% and 30.47%, respectively. The detailed C, N, and O
spectra of the VCN were acquired by split-peak fitting of the data using
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Aem = 670 nm), and overlay fields, as measured using confocal microscopy and labeled by ROS detection probes. Scale bar: 20 pm. (c, d) Images of the fluorescence

intensities of ROS probes within Skeletonema costatum and Phaeocystis globosa.

the XPSpeak41 software. The characteristic peaks in the C 1 s spectrum
(Fig. 1e) at 284.5, 286.0, and 288.7 eV belong to the C-C/C = C, C-N/C-
O and O-C = O bonds, respectively [62]. The N 1 s spectrum (Fig. 1f)
clearly shows three distinctive peaks for pyridinic (399.5 eV), pyrrolic
(400.4 eV), and graphitic nitrogen (401.7 eV) structures, revealing that
VCN was nitrogen-doped [62]. In the O 1 s spectrum, two the typical
peaks for the C-O (531.8 eV) and C = O bonds (532.8 €V) could be
observed (Fig. S2) [63]. The above results indicated that VCN consists
mainly of carbon-based polymers of elemental carbon. The above results
suggested that VCN was an oligomer with a predominantly carbon
element. Next, the optical properties of VCN were investigated using
ultraviolet-visible (UV-Vis) absorption spectrometry and fluorescence
spectrometry. As shown in Fig. 1g (blue line), there were two absorption
band around in the UV-Vis spectrum of VCN. The strong absorption
band around 215 nm is caused by the n-n* transition of the C = C bond
and the absorption peaks appearing at 275 nm are due to the n-t*
transition of functional groups, indicating the formation of carbon core
and surface functional groups of VCN [64]. In addition, it was observed
in the photoluminescence excitation (PLE) and emission (PL) spectra of
VCN (Fig. 1g) that VCN exhibited photoluminescence properties, where
the optimal excitation and emission wavelengths were 508 and 530 nm,
respectively. To evaluate the biotoxicity of VCN, the cell viability of
VCN-incubated 293 T cells at VCN concentrations of (0-3 mg/mL) were
determined. The cell viability (Fig. S3) of 293 T cells treated with VCN
(0.18, 0.35, 0.70, 1.5, and 3 mg/mL) were 95.0, 92.8, 89.7, 86.5, and
79.6%, respectively. Even after treatment with 3 mg/mL VCN, approx-
imately 80% of the 293 T cells survived, indicating the low cytotoxicity
of VCN.

3.2. Visible light activated oxidase-like activity of VCN

To study the oxidase-like activity of VCN, a common oxidase sub-
strate, TMB, was used to assess the catalytic performance of VCN. TMB,
as a chromogenic substrate, colorless in itself, will turn blue upon
oxidation and produces a distinctive absorption peak at 652 nm. As
shown in Fig. 2a, VCN could oxidize the substrate TMB under visible
light irradiation, and the blue color of the TMB oxidation product
deepens as the irradiation time increases, indicating that VCN has the
ability to catalyze the oxidation of TMB. In order to investigate whether
the catalytic properties of VCN were triggered by visible light, the
UV-Vis absorption spectra of VCN catalyzing the oxidation of TMB
under visible light irradiation and dark conditions were measured
respectively. It was found that VCN did not oxidize TMB under dark
conditions, whereas VCN could oxidize the TMB under visible light
irradiation and generated a new absorption peak at 652 nm (Fig. 2b),
revealing the oxidase-like activity of VCN could be driven by visible
light. In addition, the catalytic oxidation curves of TMB with different
concentrations of VCN (0.1, 0.3, 0.5, 1.5 mg/mL) over time showed that
VCN had a concentration-dependent and time-dependent oxidase-like
activity (Fig. 2c). To better understand the catalytic kinetic of VCN, the
Km and Vipax of VCN were obtained using Michaelis-Menten model.
From the Lineweaver-Burk double reciprocal plots, the Ky, and Vo of
VCN were calculated to be 0.29 mM and 1.1 uMs’1 (Fig. 2d). The Vpax of
VCN was higher than that of previously reports (Table S1), indicating a
higher catalytic activity of VCN.

In order to evaluate the catalytic stability of VCN, the catalytic ac-
tivity of VCN under different conditions was tested. Cycling experiments
depicted that VCN still maintained over 99% of its catalytic activity after
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five cycles (Fig. 2e). It was reported that most nanozymes have optimal
catalytic activity under acidic or neutral conditions (Table S1), while
VCN can catalyze at pH values from 4 to 11(Fig. 2f). Moreover, the
catalytic activity of VCN from 20 to 80 °C was independent of temper-
ature, even at 80 °C (Fig. 2g). VCN also kept approximately 97% of its
catalytic activity in different concentrations of NaCl solution (Fig. 2h),
illustrating that the catalytic activity of VCN was not affected by ionic
strength. In addition, the catalytic activity of VCN could reach more than
85% of that of the control in the presence of most ions, such as Pb3t,
Agt, Zn®", Mn%", ca®*, Fe3t, Mg?*, SO%, HCO3, and CO3™ (Fig. S4),
indicating that VCN has good catalytic stability. Based on the above
observations, VCN displayed the well-tolerated catalytic activity.

3.3. Catalytic mechanism of VCN

In order to explore the catalytic mechanism of VCN, the catalytic
behavior and energy band structure of VCN were analyzed using ESR
spectroscopy, active species capture experiments and cyclic voltamme-
try. Based on the fact that the oxidase-like activity of VCN is visible-light
driven, the ESR spectra of the possible ROS intermediates produced by
VCN under light and dark conditions were detected, respectively. It
could be seen that VCN did not generate any ROS under dark conditions
(Fig. 3a, 3b, 3c). In contrast, under visible light irradiation, the typical
triplet signal (1:1:1) attributed to singlet oxygen (*0,) could be detected
in the presence of TEMPO as the spin trapping agent. Moreover, the
formation of superoxide radicals (-O3) was confirmed using DMPO as the
spin-trapping agent. Based on the above observation, VCN was proven to

produce -03 and 'O, under visible light irradiation. To investigate the
origin of these ROS intermediates, the catalytic activity of VCN under
different reaction atmospheres (oxygen, air and nitrogen) was tested.
The catalytic activity of VCN was higher in atmospheres with high ox-
ygen concentrations than in those with low oxygen concentrations
(Fig. 3d), suggesting that VCN may produce ROS intermediates by
catalyzing oxygen.

To verify whether VCN had the ability to catalyze the production of
ROS from oxygen, the energy band structure diagram of VCN was ob-
tained using cyclic voltammetry. There were multiple oxidation and
reduction peaks in the cyclic voltametric curve of VCN (Fig. 3e). Ac-
cording to the oxidation onset and reduction onset potentials, the po-
sitions of the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of VCN were calculated, where
the energy level of ferrocene was used as a reference. The electron volt in
the energy band structure was converted to an electrochemical potential
using the reversible hydrogen electrode (RHE) as a standard reference.
The energy band structure of VCN (Fig. 3f) displayed that the LUMO
potential of VCN was more negative than the energy level from oxygen
to superoxide radicals (E., io; = —0.23V), suggesting that VCN could
thermodynamically transfer electrons to oxygen and produce superoxide
radicals [65].

Furthermore, the effect of several active intermediates trapping
agents on the catalytic activity of VCN was examined to discuss which
species play the main role in catalyzing the oxidation of TMB. Fig. 3g
exhibited that the catalytic activity of VCN was promoted by the capture
agent (ethylenediaminetetraacetic acid, EDTA) of holes (h') and
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inhibited by the trapping agents (CuSO4) of electrons (e), illustrating
that the catalytic process of VCN involved the transfer of electrons. In
addition, in the presence of -O3, hydroxyl radicals (-OH), and 1o, trap-
ping agents (superoxide dismutase, terephthalic acid, and tryptophan),
the catalytic activity of VCN is inhibited only by the superoxide radical
trapping agents, implying that -O3 were the main active intermediates in
the oxidation of TMB. Overall, VCN could catalyze the formation of -O3
and 'O, from oxygen under visible light irradiation by electron or en-
ergy transfer (Fig. 3h).

3.4. Anti-algae performance evaluation of VCN

Based on the ability of VCN to catalyze the production of ROS with
strong oxidative properties under environmental visible light, the anti-
algal activity of VCN against harmful algae in seawater was explored.
S. costatum and P. globosa, as two typical algae causing red tide, were
served as model organisms to examine the anti-algal performance of
VCN. As shown in Fig. 4a and 4c, both S. costatum and P. globosa grew
normally in the absence of VCN, and the growth of S. costatum and
P. globosa showed different degrees of decrease in the medium con-
taining different VCN concentrations as the incubation time increased
under environmental visible light irradiation, demonstrating the algi-
cidal ability of VCN. In contrast, the growth of S. costatum and P. globosa
was not affected by VCN under darkness (Fig. 4b and 4d). In order to
more accurately assess the anti-algal activity of VCN, the anti-algal rate
of VCN was calculated. It was found that the removal of S. costatum and
P. globosa was greater than 90% after 4 h of treatment of algae with 1.5
mg/mL of VCN under visible light irradiation, whereas under dark
conditions, the anti-algal rate of VCN was lower than 10% (Fig. 4e and
4f), indicating that VCN had a visible light-activated anti-algal activity.
In addition, the anti-algal rate of VCN increased with increasing VCN
concentration under visible light irradiation, revealing that VCN
exhibited a concentration-dependent effect on algal inactivation.
Moreover, VCN exhibited a shorter removal time against S. costatum and
P. globosa (Table 1), than that reported previously, indicating the higher
anti-algal activity of VCN against harm algae [6,43,48-50]. The effect of
VCN on algal cell density was also measured by means of hemocytom-
eter plates [66]. As shown in Figs. S5 and S6, VCN could reduce the cell
density of S. costatum and P. globosa under visible light irradiation,
which was consistent with the above results. To investigate the anti-
algal stability of VCN, the anti-algal activity of VCN at different pH
and different concentrations of sea salt solutions were carried out. The
anti-algal rates of VCN (1.5 mg/mL) were above 90% at pH from 5 to 11
and sea salt concentrations from 15.0 to 37.5 g/L (Figs. S7 and S8),
implying that the pH and salinity used has a negligible impact on the
anti-algal performance of VCN. In short, the prepared VCN has visible
light-activated algae inactivation.

3.5. Inhibition of algal hemolytic toxin and anti-algal activity in seawater

Based on the above observations, VCN had the ability to kill algal
cells and the death of algal cells may result in leakage of the contents of
the algal cells, such as chlorophyll and hemolytic substances. Therefore,
changes in the content of chlorophyll and changes in the activity of
hemolytic toxin for both S. costatum and P. globosa before and after VCN
treatment were measured. It was found that chlorophyll a and chloro-
phyll b contents in S. costatum and P. globosa treated with VCN decreased
significantly compared to those before VCN treatment (Fig. 5a and 5b),
implicating that VCN could damage algal cells leading to chlorophyll
leakage.

The effect of VCN on the hemolytic activity of the toxic substances in
the aqueous samples of the algal solution was also assessed, considering
that the destructive effect of VCN on the algal cells could also allow the
leakage of toxic substances from the algae. Using the sonicated algal
solution as a reference, the hemolytic activity of the algal solution
treated with VCN (1.5 mg/mL) was reduced (Fig. S9), which may be
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attributed to the inactivation of hemolytic toxin by VCN treatment. To
verify whether VCN inactivate hemolytic toxin, the influence of VCN on
the hemolytic activity of hemolytic toxin extracted from algae was
investigated. It was shown that the hemolytic activity (Fig. 5¢) of he-
molytic toxin treated with different concentrations of VCN under visible
light irradiation was 61.6%, 40.1%, 22.3% and 8.07% lower than that of
untreated hemolytic toxin (77.9%), implying that VCN could reduce the
toxicity of hemolytic toxin.

Based on the efficient anti-algal activity of VCN, the effect of VCN on
the treatment of algae collected from seawater was investigated. It was
found that VCN treatment reduced the density of marine algae (Fig. 5d)
after 4 h of environmental light irradiation, implying that VCN could be
used as a highly promising algaecide for the removal of marine algae.

3.6. Inactivation mechanism of VCN against algae

Given the ability of VCN to produce ROS in vitro and the destructive
effects of toxic ROS, it is likely that VCN could inactivate algae by
interfering with the redox homeostasis of algal cells. To verify whether
VCN kills algae by inducing oxidative stress inside algal cells, the effects
of VCN on the ROS levels, antioxidant system and external morphology
of algal cells were investigated. First, the levels of ROS in untreated
(control) and VCN-treated S. costatum and P. globosa were detected using
a ROS detection probe (ROS Brite™ 670, Aexy = 647, Aemy = 670 nm) to
analyze whether VCN increased ROS levels within the algae. It was
observed that the fluorescence signal belonging to the ROS Brite™ 670
probe in VCN-treated S. costatum and P. globosa were significantly
increased compared with those in the control (Fig. 6), implying there
were large amounts of ROS in VCN-treated S. costatum and P. globosa.
These large amounts of toxic ROS tend to induce oxidative stress in cells.
In general conditions, the antioxidant system of algal cells protects them
from oxidative stress by scavenging excess ROS. However, when the
level of oxidative stress is too high and exceeds the capacity of algal cells
to resist it, the antioxidant system of algal cells is disrupted, ultimately
leads to algal cell death [5].

In order to identify whether VCN interfered with the antioxidant
system of the algal cells, the effect of VCN on the activity of two
important enzymes (SOD and CAT) in the antioxidant system of
S. costatum and P. globosa was examined. It was shown that the SOD and
CAT levels of VCN-treated S. costatum and P. globosa were significantly
higher than those of the control group after 1 h of exposure to visible
light (Fig. 7a, 7b, 7d, 7e), which could be attributed to the activation of
the antioxidant enzyme system in algal cells in order to scavenge ROS.
The SOD and CAT content in VCN-treated S. costatum and P. globosa
showed a decreasing trend over time, which may be due to due to a
reduction in the number of algal cells as a result of excessive ROS attack.
Furthermore, excess ROS can also attack membrane structure of algae,
leading to lipid peroxidation. MDA is a biomarker of lipid peroxidation,
its level reflects the degree of lipid peroxidation [5]. It was shown that
MDA levels in S. costatum and P. globosa treated with VCN for 1 h were
significantly higher than those in the control group (Fig. 7¢ and 7f),
illustrating that VCN caused lipid peroxidation in algal cells. The MDA
content in the algal cells treated with VCN for 3 h was significantly lower
than that in the control group, which might be due to the rupture of the
cell membranes of algal cells after being attacked by ROS.

To study whether VCN disrupts the structure and morphology of
algal cells, SEM images of VCN-treated and untreated S. costatum and
P. globosa were acquired. It was found that untreated S. costatum and
P. globosa exhibited normal and complete striped and globular cell
morphology, whereas the cell walls of both VCN-treated S. costatum and
P. globosa were disrupted after visible light exposure, and a large number
of cell fragments were observed in the field of view (Fig. 7g). The
disruption of algal cell morphology by VCN may be a result of VCN-
produced ROS attacking the algal cell walls and cell membranes as a
protective barrier, eventually leading to cell lysis and cell death. Taken
together, the anti-algal mechanism of VCN is as follows: under visible



H. Wang et al.

light irradiation, VCN consumes the oxygen on which algal cells depend
while generating large amounts of ROS. Subsequently, these harmful
ROS attack the antioxidant system of algal cells and disrupt the oxidative
balance, causing the collapse and destruction of cell membranes and cell
walls to achieve the removal of algae.

In this study, a visible light activated carbon dots nanozyme was
developed for the inactivation of harmful algae. VCN has higher cata-
lytic activity and can inactivate harmful algae more rapidly than pre-
vious studies. In addition, VCN not only had anti-algal activity but also
reduced the toxic effect of hemolytic toxin from algae. Although this
nanozyme exhibited better anti-algal activity against two typical marine
harmful algae than previously reported, it still has some drawbacks,
such as the difficulty of isolation from seawater. Therefore, future
research should focus on the development of degradable nanozymes
with anti-algal activity.

4. Conclusion

In conclusion, a metal-free nanozyme (VCN) with visible light-driven
oxidase-like activity was constructed for the control of HABs, which
catalyzed the production of ROS from oxygen. VCN was used to inacti-
vate hazardous marine algae and was found to remove more than 90% of
harmful algae (Skeletonema costatum and Phaeocystis globosa) in just 4 h
under environmental visible light, with greater efficacy than previous
reports. VCN could also attenuate the toxicity of toxin released by algae,
reducing the impact of secondary pollution caused by algal fragmenta-
tion. The study demonstrates that VCN can efficiently reduce harmful
pollution caused by harmful algal blooms under mild conditions.
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