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ABSTRACT

Harmful algal blooms (HABs) caused by Karenia mikimotoi have frequently happened in coastal waters world-
wide, causing serious damages to marine ecosystems and economic losses. Photocatalysis has potential to in-situ
inhibit algal growth using sustainable sunlight. However, the inactivation and detoxification mechanisms of
microalgae in marine environment have not been systematically investigated. In this work, for the first time,
visible-light-driven photocatalytic inactivation of K. mikimotoi was attempted using g-C3N4/TiO2 immobilized
films as a model photocatalyst. The inactivation efficiency could reach 64% within 60 min, evaluated by real-
time in vivo chlorophyll-a fluorometric method. The immobilized photocatalyst films also exhibited excellent
photo-stability and recyclability. Mechanisms study indicated photo-generated h* and 0, were the dominant
reactive species. Algal cell rupture process was monitored by fluorescent microscope combined with SEM
observation, which confirmed the damage of cell membrane followed by the leakage of the intracellular com-
ponents including the entire cell nucleus. The physiological responses regarding up-regulation of antioxidant
enzyme activity (i.e. CAT and SOD), intracellular ROSs level and lipid peroxidation were all observed. Moreover,
the intracellular release profile and acute toxicity assessment indicated the toxic K. mikimotoi was successfully
detoxified, and the released organic matter had no cytotoxicity. This work not only provides a potential new
strategy for in-situ treatment of K. mikimotoi using sunlight at sea environments, but also creates avenue for
understanding the inactivation and destruction mechanisms of marine microalgae treated by photocatalysis and
the toxicity impacts on the marine environments.

1. Introduction

human health through food chain (Anderson et al., 2012; Lei and Lu,
2011; Paerl et al., 2016).

With the accelerated industrialization and urbanization, harmful
algal blooms (HABs) arisen from eutrophication have frequently
occurred in coastal marine worldwide (Glibert, 2017; Gobler et al.,
2011; Zhang et al., 2019). The HABs occurring in marine are often called
red tides, which has posed great threats and damages to marine eco-
systems. In addition, some harmful microalgae can secrete toxic sub-
stance, which not only aggravates the deaths of fish and shellfish,
leading to serious economic losses to aquaculture, but also endangers

Among algal species that can form HABs, Karenia mikimotoi has
received increasing concerns as a rising harmful microalgae that caused
HABs over the world (Berdalet et al., 2015; Liu et al., 2020). K. mikimotoi
was first discovered in Kyoto Bay, Japan in 1935, and then has been
successively reported to cause HABs in the coastal marine areas of
almost all continents, including Asian, Australia, Europe, South America
and North Africa (Landsberg, 2002). The situation has been even worse
in China, since the first documented K. mikimotoi blooms occurred in
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Hong Kong in 1989 (Yang et al., 2019). One of the most notorious
ecological calamities derived from K. mikimotoi was reported in the
coastal marine areas in Fujian on March 2012. The bloom covered more
than 300 km? marine areas, which severely damaged the coastal aqua-
culture, causing countless abalone to die with economic loss of over 2.01
billion (~330 million US dollars) (Li et al., 2017). Recently, K. mikimotoi
blooms have almost occurred annually in China, with over 100 booms
from 2006 to 2019, which is expected to be a longstanding environ-
mental disaster in future. However, current researches on K. mikimotoi
were focused on the physiology including environmental adaptation,
motility, life cycle, as well as toxicity and toxic mechanisms (Li et al.,
2019b; Ma et al., 2017), while studies on treatment methods for this
species are still rather scare.

Researches on the toxicity behaviors of K. mikimotoi to marine or-
ganisms has confirmed the lipophilic extracts of this algal cells possess
haemolysis and cytotoxicity, but these toxins are merely hypotoxic
which cannot induce such high mortality during HABs events (Chang
and Gall, 2013). The toxicity effects may be contact-dependent, which
suggests that the ichthyotoxicity is caused by the intact algal cell rather
than the released toxins (Li et al., 2019b). Therefore, any new treatment
methods for control of the K. mikimotoi blooms should be able to inac-
tivate and lyse the K. mikimotoi cells, so that the toxicity can be
compromised. However, current treatment methods for the inactivation
of K. mikimotoi are limited and mostly based on physical process. For
instance, Guan and Li (2017) used UV irradiation to inactivate
K. mikimotoi with focus on the photoinhibition rate, but the cell structure
changes were not studied. Liu et al. (2018) investigated the use of
modified clay to remove K. mikimotoi by flocculation, and 64% of
removal efficiency was reached within 3 h. However, the residual
K. mikimotoi could grow well to reach a high concentration after the
treatment, rising risks for next blooms. In addition, the algal cells might
still be intact in the flocs and would transfer to the marine sediments,
leading to the persistent toxicity and secondary pollution. Therefore,
treatments methods for K. mikimotoi with complete destruction of the
cell structures are highly desired.

Advanced oxidation processes are well known as green and powerful
oxidation technology, in which photocatalysis has been preferred
because of its potential to use sustainable solar energy. It has been
proven to be able to inactivate a verity of microorganisms, including
bacteria, virus, as well as algae. However, current studies about pho-
tocatalytic inactivations of algae were mainly focused on freshwater
microalgae, such as Microcystis aeruginosa (Qi et al., 2020), Spirulina and
Anabaena (Serra et al., 2020), with little attention on the marine
microalgae in natural seawater that can form HABs. In this aspect, Lu
etal. (2019) used UV-driven photocatalytic system (i.e. UVC/UVA-TiO3)
to inactivate marine microalgae with purpose for ballast water treat-
ment. Natarajan et al. (2018) used TiO/Ag/chitosan to treat Dunaliella
salina under UVC for marine antifouling application. Obviously, the
existing few literatures on the topic of photocatalytic inactivation of
marine microalgae were mostly based on UV irradiation (Rodri-
guez-Gonzalez et al., 2010), which could not fully make use of the merits
of photocatalysis driven by solar energy. Moreover, the existing photo-
catalysts were mostly fabricated as powders, which could not be easily
recovered if repeatedly used in in-situ treatment at sea environments. In
addition, although the algal inactivation mechanisms of some fresh-
water microalgae, typically Microcystis aeruginosa have been attempted
(Song et al., 2018), the mechanisms for the inactivation of marine
microalgae in seawater were not reported.

Herein, photocatalytic inactivation against the typical marine
harmful microalgae K. mikimotoi in natural seawater was attempted for
the first time under visible-light (VL) irradiation. The g-C3N4/TiO»
composites, which has been proven to possess good VL-driven photo-
catalytic activity to bacterial inactivation (Li et al., 2015; Song et al.,
2020) and organic pollutant degradation (Li et al., 2016), were used as
the model photocatalysts. The powdery photocatalysts were immobi-
lized on substrates for easy recycling. The K. mikimotoi inactivation
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mechanisms in the light of cell structure changes, major reactive species,
antioxidant enzyme activity were analyzed systematically. The release
of intracellular organic matter (IOM), the profile of extracellular organic
matter (EOM) and the acute toxicity evaluation were all studied. Finally,
a tentative VL-driven inactivation mechanism was proposed. The study
not only provides a new methodology of using recyclable photocatalyst
for the inactivation and detoxification of K. mikimotoi in natural
seawater, but also provides mechanism insights into the physiological
and biochemical stress response of marine microalgae cells towards
photocatalysis, especially in-situ treatment system at sea environments.

2. Experimental
2.1. Fabrication of immobilized photocatalyst

All the reagents were analytical grade (Aladdin, China) and used
without further treatment. The photocatalyst was obtained by fabrica-
tion of g-C3N4/TiO, powders followed by immobilizing on substrates.
Briefly, 5 g melamine was placed into an alumina crucible with a lid,
which was then annealed at 550 °C for 2 h to obtain g-CsN4 powders.
Then, different weight percentages of g-C3N4 (20, 50, 70 and 90 wt%)
and TiOy (P25) were mixed in ethanol to prepare a suspension. The
suspension was subjected by mechanical stirring for 3 h, followed by
ultrasonicating for 1 h at room temperature. The powders of g-C3N4/
TiO, were obtained after drying at 60 °C for 24 h in an oven.

The doctor blade coating technique was used to immobilize g-C3N4/
TiO4 powders on substrates (Boonprakob et al., 2014). Generally, 50 mg
of the pre-synthesized powder was mixed with 15 pL of acetic acid, 5 pL
of Triton X100 and 100 pL of ultrapure water to prepare slurry. Then the
slurry was coated on a circular fluorine doped tin oxide (FTO) conduc-
tive glass slide (40 x 2.2 mm) with a coating area of 7.065 cm?. The
obtained films on the slides were then heated in static air at 300 °C for 1
h. The obtained samples were characterized with X-ray diffraction
(XRD), scanning electron microscope (SEM) and UV-visible
diffuse-reflectance spectrum (UV-Vis DRS) techniques (Atinafu et al.,
2021). The details can be seen in Supporting Information (SI).

2.2. Photocatalytic inactivation of K. mikimotoi

The K. mikimotoi strain used in this work was isolated from Daya Bay,
southern China in 2005 (Lei and Lu, 2011). The algae were cultured in
sterilized natural seawater with the addition of modified f/2 seawater
medium (details of the culture medium was referred in SI) and incubated
in a light incubator (MGC-350BP-2, YiHeng, China) at 23+2 °C. The
intensity of the incubation was 2000 Lux and the light/dark cycle was
12 h/12 h. The exponential growth period of K. mikimotoi was used for
the photocatalytic experiments, and the cell density was about 3.78 x
10* cells/mL determined by a phytoplankton count box (XKJ-O1B,
XMDX, China), which was much higher than the cell density in a typical
HAB:s.

A home-made photochemical reactor was applied to evaluate the
photocatalytic algal inactivation efficiency. Xenon lamp (PLS-SXE300,
PerfectLight, China) with a 420 nm light filter was used as the VL source.
The VL intensity was ascertained with a photometer (FZ-A, PerfectLight,
China) as 14.2 mW/cm?. The reaction temperature was kept at 25 °C
during the photocatalytic treatment. In a typical experiment, 100 mL K.
mikimotoi in natural seawater was put in the reactor, followed by adding
a piece of the as-prepared g-C3N4/TiO; coated FTO facing towards the
light source. The photocatalytic inactivation experiments were con-
ducted with light irradiation for 1 h. To determine if there was any algal
regrowth after the photocatalytic treatment, the treated cell suspension
was subjected to a dark adaptation period of 1 h for the algal cells to
repair. At given time intervals, 2 mL of the algal cell mixture was taken
for analysis. Inactivation efficiency was evaluated by detecting the
content of chlorophyll-a by an in-vivo chlorophyll fluorometer (Fluo-
roQuik, Amiscience, USA) (Carpentier et al., 2013; Ren et al., 2006), and
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calculated by the following Equation (1):
Inactivation efficiency (%) = (1 — C,/C,) x 100 (@D)]

Where Cy and C; respectively represents the chlorophyll-a concentration
(pg/L) at initial time (0) and any treatment time (t). This method is
sensitive and be able to real-time monitor the chlorophyll-a content
variation without destroying the cells for extracting the pigments, thus
the changes of photosynthetic activity and cell vitality can be in vivo and
in situ investigated during the photocatalytic treatment (Beutler et al.,
2002; Harris and Graham, 2015).

2.3. Analytical methods

2.3.1. ROSs analysis

The analysis of 10 was studied using FFA (furfuryl alcohol) as the
probe (Eugene and Guzman, 2019; Li et al., 2019a), which was deter-
mined using HPLC (Agilent 1260-6470, USA) equipped with an Athena
C18-WP column (CNW, Germany). NBT (Nitro blue tetrazolium) was
used to analyze the produced O3 using UV-Vis spectrophotometer
(Cary 100, Agilent) with detecting wavelength of 259 nm (Xia et al.,
2015b). Coumarin was used as a trapping agent to monitor ¢OH pro-
duction, which was measured by fluorescent luminescence with 332 nm
excitation and 460 nm emission (Wang et al., 2019).

2.3.2. Inactivation mechanisms of algal cell

Cell morphological changes of K. mikimotoi during the treatment
were observed by biomicroscope (B203CED, phenix, China). Different
forms of cells including burst cells, round/expanded cells, non-motile
cells and swimming cells were counted by a phytoplankton counting
box (XKJ-01B, XMDX, China) (Chang, 2011). The variation of cell
structure was visually studied through SYTO 9 fluorescence assay, which
can stain the nucleus in alive eukaryotic cells, while cannot label cysts or
lyse cells (Tawakoli et al., 2013). The cells were stained with SYTO 9 for
15 min in dark, and were observed under a fluorescence microscope
(DM6B, Leica Microsystems LTD, Germany). The cell surface
morphology changes were studied by SEM (FESEM, SU8220, Hitach,
Japan). The morphology change of a single K. mikimotoi cell was in-situ
monitored by a cell imaging multi-mode reader (CYTSMFAV, BioTek,
USA). The cell protein was extracted from the cell suspension according
to a procedure modified by Fan et al. (2019), and the concentration of
proteins was measured by Modified Bradford Protein Assay Kit
(C503041, Sangon Biotech). Catalase (CAT) and superoxide dismutase
(SOD) activity were determined by CAT Assay Kit (S0051, Boyotime)
and WST-8 Kit (S0101, Boyotime), respectively. Intracellular ROSs in
algae cells were determined by ROS Assay Kit (S0033, Boyotime) with
DCFH-DA as fluorescent probe (Xia et al., 2015a). Malondialdehyde
(MDA) concentration as an indicator of lipid peroxidation (Xu et al.,
2016) was tested by Lipid Peroxidation MDA Assay Kit (S0131, Boyo-
time). Details for SEM sample preparation protocol and protein extrac-
tion procedure can be found in SI.

2.3.3. Cell release profile and acute toxicity assessment

Organic matter release profile during the inactivation process of
K. mikimotoi cells was also investigated by TOC analyzer (TOC-L CPH,
Shimadzu, Japan) combined with 3D excitation-emission matrix (EEM)
fluorescent spectrometer (FS5, Edinburgh, UK). To obtain total organic
matter (TOM), the samples containing algal cells lysed with ultrasonic
cell pulverizer (JY92-IIN, Xinzhi, China) for 10 min, and then measured
after filtered by 0.22 pm membrane (PES, Cool Wind, China), according
to the protocol reported by Jin et al. (2019). Extracellular organic matter
(EOM) was obtained by directly measuring the filtered samples without
cell lysis procedure. Intracellular organic matter (IOM) was then ob-
tained by the differences between TOM and EOM. The release profile of
EOM was analyzed by fluorescence EEM spectrometer, and MATLAB
was used for data processing (Tian et al., 2018). Inorganic ions release
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profiles were measured by ICP-MS (ICAP RQ, Thermo Fisher, Germany).
At given intervals, 10 mL solution was withdrawn and passed through
0.45 pm membrane (PES, Cool Wind, China). Measurements were con-
ducted after the filtered solution was digested at 140 °C for 15 min with
concentrated HNOs.

Acute toxicity was tested with bioluminescent bacteria V. fischeri
according to Wang et al. (2017). Both sample solutions with and without
algal cells were tested. In a typical test, 2 mL collected sample was
blended with 1 mL of V. fischeri and adapted for 15 min, which was then
tested by intelligent biological toxicity tester (DXY-3, KTY, China).
V. fischeri incubated in seawater medium was used as control group.
Acute toxicity was evaluated by the inhibition ratio (IR) of biolumi-
nescence, which was obtained by the following Equation (2):

IR (%) = (I.—1)/I, x 100 )

where I and I are the bioluminescence intensity of the control group
and sample solutions, respectively.

3. Results and discussion
3.1. Photocatalyst characterization

Crystal structure of the as-synthesized g-C3N4/TiO, films was
examined with XRD. The diffraction peaks at 27.5°, 36.1°, 41.2°, 54.3°,
56.6° and 69.0° can be assigned to (110), (101), (111), (211), (220) and
(301) phase of TiO; (Fig. S1(a)) according to the references (Chen and
Lou, 2010), while the peaks at 27.7° can be indexed as (002) diffraction
plane for graphitic structure in g-CsN4 according to references (Feng
et al., 2018; She et al., 2014). With the increase of g-C3Ny4 ratio in the
film composite, the intensity of featured peaks of g-C3N4 was enhanced
with decreased TiO; peak intensity (Fig. S1(b)). Optical properties of
as-prepared g-C3N4/TiO, films were analyzed by UV-vis absorption
spectroscopy. As the g-C3N4 ratio in the composite film increased, the VL
absorption region of g-C3N4/TiO2 was expanded to longer wavelength
(Fig. S2). Morphologies of the samples were also investigated by FESEM
(Figs. S3(a—c)). The pure g-C3N4 showed layered nanosheet structure,
consistent with previous reports (Tong et al., 2015), while pure TiO,
appeared as spherical nanoparticles with sizes of ~300 nm. The
g-C3N4/TiOo composites exhibited spherical nanoparticles embedded
layered structure, suggesting the TiO particles were evenly attached to
the g-CsNjy surface. This was further verified by the EDX spectrum and
corresponding element mapping (Figs. S3(d-h)), which showed the el-
ements of C, N, O and Ti were dispersed evenly without other impurities.
These results confirmed the successful synthesis of g-C3N4/TiO film for
the subsequent algal inactivation experiments.

3.2. Inactivation efficiency against K. mikimotoi

As an essential photosynthetic pigment, Chlorophyll-a is present in
almost all phytoplankton species including K. mikimotoi. It is commonly
utilized as an indicator to quantify algal biomass, thus evaluating the
status of eutrophication and HABs in coastal waters (Lapointe et al.,
2015; Toming et al., 2016). In addition, the chlorophyll-a content is in
proportion to the vitality of algal cells, and therefore has been widely
used to evaluate the inactivation efficiency during algal inactivation
experiments. As shown in Fig. 1(a), the dark control experiments using
50 wt% g-C3N4/TiOy film without VL irradiation show that the
chlorophyll-a content remains almost unchanged, suggesting the pho-
tocatalysts alone has negligible inactivation effects to K. mikimotoi in
dark. It was interesting to find that, with VL irradiation, the
chlorophyll-a contents in all treatment systems were decreased
dramatically in the initial 10 min and reached a steady value at 60 min
of VL irradiation. It seems that the K. mikimotoi could be affected under
VL irradiation even without photocatalysts. However, when the treated
K. mikimotoi cells were adapted to a subsequent dark period, the cells in
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Fig. 1. (a) Photocatalytic inactivation efficiency of K. mikimotoi evaluated by in
vivo Chlorophyll-a fluorescence over g-C3N4/TiO, films with different g-C3Ny4:
TiO, ratio of 20-90 wt% g-C3N,4 under VL irradiation (A > 420 nm). Dark
adaptation was applied after 60 min of treatment; (b) Recycling experiments for
photocatalytic inactivation of K. mikimotoi with four successive cycles using 50
wt% g-C3N4/TiO; films as photocatalyst.

the light control group were recovered gradually as the chlorophyll-a
returned to the same level of starting point after 60 min dark adapta-
tion. In contrast, the chlorophyll-a fluorescence could not be recovered
in the existence of g-C3N4/TiOy as photocatalysts (Fig. 1(a)). This phe-
nomenon could be ascribed to the fact when light irradiance exceeded
the photosynthesis requirements of algal cells, their photosystem II
(PSII) reaction center would be closed to protect photosynthetic appa-
ratus from high-light injury (Ruban et al., 2012). When subjected to a
subsequent dark condition, the PSII reaction center of algae would
re-open and immediately produce chlorophyll-a fluorescence, while the
algae with damaged PSII could not produce fluorescence. This suggests
that the PSII of K. mikimotoi cells were damaged during the photo-
catalytic inactivation process. Therefore, a dark adaptation period must
be applied after the light irradiation, in order to accurately evaluate the
damage of photosynthetic system of algal cells. The inactivation effi-
ciency evaluated by inhibition of chlorophyll-a fluorescence after 60
min dark adaptation were obtained to be 22%, 64%, 62% and 61% for
20 wt%, 50 wt%, 70 wt% and 90 wt% g-C3N4/TiOo, respectively. This
indicates that the inactivation efficiency was increased with the
enhancement of g-C3Ny ratio from zero to 50%, and slightly decreased
with the g-C3Ny ratio further increased to 90%. The highest inactivation
efficiency was acquired by 50 wt% g-C3N4/TiO film which was used
thereafter in this work.
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To explore the photo-stability and recyclability, the used 50 wt% g-
C3N4/TiO; film on the glass substrates was easily recovered and put into
another set of K. mikimotoi seawater suspension, and four successive
cycling reactions of K. mikimotoi inactivation were conducted. It was
found that the immobilized film exhibited stable photocatalytic activity,
since a high inactivation efficiency of 67% was still achieved after four
cycles of experiments (Fig. 1(b)). The crystal structure of the g-C3N4/
TiO5 film did not change after the reactions (Fig. S4), confirming the
high photo-stability of the as-prepared films. In addition, no observed
particles of photocatalysts were released from the substrates after four
cycles, which further confirmed the high adhesion capability and recy-
clability of the as-prepared photocatalysts, showing good potential for
in-situ treatment of microalgal at sea water environments.

3.3. Roles of reactive species

To study the inactivation mechanisms of K. mikimotoi, two major
issues need to be addressed. One is the function of different reactive
species in algal cell inactivation. The other is physiological changes
during cell inactivation process. The possible generated reactive species
during photocatalysis include ¢OH, O3, 10, and H,0,. Their roles in
the inactivation of K. mikimotoi were studied by scavenging study. The
scavengers used were Cr (VI) for e”, sodium oxalate for h™, furfuryl
alcohol (FFA) for 10y, 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxy
(TEMPOL) for O3, isopropanol (IPA) for ¢OH and Fe (II) for HyO4
(Wang et al., 2012; Xia et al., 2015b). It was found that the additions of
IPA, TEMPOL and Fe(II) had negligible impact on the inhibition effi-
ciency of K. mikimotoi (Fig. 2(a)), suggesting eOH, O3 and Hy0, were
not the dominant reactive species. In contrast, additions of oxalate and
Cr(VI) could significantly inhibit the inactivation efficiency, since only
47% and 52% of inactivation was obtained after 60 min treatment,
respectively. In addition, FFA was found to obviously suppress the
inactivation efficiency, which indicated that 10, was also involved in
this reaction process. The generation of 102 (k =1.20 x 108 M! s’l)
was further quantitatively analyzed by the decline of FFA as a probe
(Fig. 2(b)). By evaluating the apparent rate constant of FFA, the
steady-state concentration of 'O, was calculated to be 3.48 x 10712 M.
Moreover, the radical generation was further verified by ESR spectros-
copy using TEMP as spin-trapping reagent. As shown in Fig. 2(c), the
obvious and gradually amplified signals of TEMP-10, were observed
with prolonged reaction time, further confirming the production of 10s.
The production of 10, might be originated from 03 by the following
reactions (Equations (3) and (4)) according to reference (Mourad et al.,
2019):

e +0,- -0, €))

2-0;-0" +x°0,+ (1 —x)'0, (4)

The above production pathway of !0, was further confirmed by
quantitatively analysis of eO3 using NBT as the probe. The NBT could
quickly react with O3 with a rate constant k of 5.88 x 10* M~ s7L. As
shown in Fig. 2(d-e), the absorbance of NBT solution (0.025 mM) at 260
nm was decreased under VL excitation. The calculated steady-state
concentration of e03 was 2.01 x 10~® M. However, the addition of
TEMPOL had no inhibition effects on the efficiency (Fig. 2(a)), probably
due to the fact that only tiny amount of eO3 was generated and spon-
taneously transformed to 10,. The production of ¢OH was also studied
by using coumarin as the trapping agents, and no peaks corresponding to
7-hydroxylcoumarin were found under VL irradiation (Fig. S5). In
addition, the production of HyO, was investigated using DPD method
(Moon et al., 2014), and no HyO5 was detected (data not shown). These
results were consistent with the above scavenging experiment result that
10, was more important than eOH or O3 for the inactivation of
K. mikimotoi in this system, which may be attributed to the significantly
high life time of 102 (11,2 < 10 ps) compared with e¢OH/eO3 (t1,2 < 1 ns)
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(You and Nam, 2014). In fact, the photo-generated h™ are transferred to
the valence band (VB) of g-C3Ny4 instead of TiO, based on our previous
research (Li et al., 2015), and the VB potential (Eyg = 1.65 V) of g-C3N4
is not high enough to generate ¢OH (E.on/0g- = 1.99 V) (Fu et al., 2012).
Therefore, no ¢OH was produced in this system. These results confirmed
the h* and 'O, were the primary reactive species to inactivate
K. mikimotoi.

3.4. Inactivation mechanisms of K. mikimotoi

The destruction of cell structure is crucial for K. mikimotoi inactiva-
tion and detoxification. Thus, the morphological changes of K. mikimotoi
cells during photocatalytic inactivation process were visually studied
through optical microscope combined with fluorescent microscope and
SEM observation. At the initial stage, the K. mikimotoi cell exhibited a
clear oval shape with size of 26.3 pm in width and 33.1 pm in length,
which could swim freely in water (Fig. 3(a)). After 10 min of treatment,
the cells became round cells, while the green pigments could still be
observed (Fig. 3(b)). Then, the cells were further transformed to
expanded cells with weaker green pigments (Fig. 3(c)). Finally, burst
cells were found with even weaker pigments and ruptured cell mem-
brane (Fig. 3(d)). After staining with SYTO 9, the green fluorescence
emitted by nucleus of K. mikimotoi cells and the red fluorescence emitted
by chloroplast of K. mikimotoi cells were observed in Fig. 3(e-g). It was
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interesting to find the nucleus of K. mikimotoi cells disappeared after 50
min of treatment (Fig. 3(h)), which indicated that the cell membrane
was severely damaged to form a highly porous structure and even cause
the dissolve or leakage of entire cell nucleus. This was further verified by
real-time in-situ monitoring a single K. mikimotoi cell on a cell imaging
multi-mode reader, which clearly showed the gradual disappear of nu-
cleus with reaction time (Fig. S6). In addition, the surface morphology
change of K. mikimotoi cells was also studied by SEM (Fig. 3(i-1)). The
untreated K. mikimotoi cell was intact at the beginning stage, although
the cell envelope exhibited rough due to the dehydration process in SEM
sample preparation (Fig. 3(i)). With treatment, the cell surface clearly
became porous, and an obvious big pit (marked with red cycle) was
found after 30-50 min of treatment (Fig. 3(k)), probably resulted from
the leakage of the nucleus, which coincided with the phenomenon in
Fig. 3(h). Finally, only cell debris was observed within 50 min of
treatment (Fig. 3(1)). Based on the above observation results, it
demonstrated that K. mikimotoi cells were indeed suffered from severe
attacks of ROSs, leading to irreparable damage of cell membrane,
leakage of intracellular components, cell rupture and final death. To
quantitatively understand the cell rapture process, the numbers of
different status of K. mikimotoi cells (50 pL, diluted 5 times) were
counted by a phytoplankton count box based on optical microscope
observation. As shown in Fig. 4, it was found that the proportion of bust
cells reached 98% after the photocatalytic treatment for 1 h, which was
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(b) 20 min
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(d) 50 min

Fig. 3. (a-d) Optical microscopic images, (e-h) corresponding fluorescence microscopic images after staining with SYTO 9 and (i-1) scanning electron microscope
(SEM) images of K. mikimotoi cells during photocatalytic inactivation under VL irradiation (A > 420 nm) at different intervals (0 min, 20 min, 30 min and 50 min).
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Fig. 4. Variation of swimming, non-motile, rounded/expanded and burst cell
fractions during the photocatalytic inactivation of K. mikimotoi by g-C3N4/TiO4
film under VL irradiation (A > 420 nm).

consistent with the inactivation efficiency measured by chlorophyll-a
content, and was also much higher than previous reported clay floccu-
lation method for K. mikimotoi removal (Liu et al., 2018).

To further understand the inactivation mechanisms, several intra-
cellular physiological characteristics of K. mikimotoi were monitored.
Total soluble protein is essential in microorganisms and reflects the cell
metabolism activity (Zhang et al., 2013). The protein content appeared
an increase in the first 5 min of treatment then decreased to an extremely
low level after subsequent 55 min of treatment (Fig. 5(a)). This indicated
that when subjected to oxidative stress, the K. mikimotoi cells promptly
synthesized large amounts of soluble protein within initial 5 min,
thereby providing more metabolic enzymes to resist the adverse envi-
ronment. However, when adverse stress exceeded the tolerance limit of

the algae, the protein synthesis was impaired, leading to the reduction of
protein content. Two important intracellular antioxidant enzymes of
catalase (CAT) and superoxide dismutase (SOD) that can protect cells
from oxidative damage were studied. SOD can dismutase O3 into HyOs,
while H205 can be further decomposed to water and oxygen by CAT
(Bhuvaneshwari et al., 2018; He et al., 2012). As shown in Fig. 5(b-c), in
the initial 5 min, neither SOD nor CAT was activated, probably due to
the increase of soluble protein (Fig. 5(a)). Then, CAT and SOD levels
gradually increased with treatment time, indicating that there were
large amounts of oxidizing radicals attacking the algal cells, leading to
the induction of SOD and CAT to compromise the oxidative stress. To
further understand the physiological response, intracellular ROSs level
was monitored by DCFH-DA probe according to referred method (Wang
et al.,, 2019). Results show that the intracellular ROSs level was
decreased in the first 5 min (Fig. 5(d)), which was ascribed to the
up-regulation of protein synthesis. With the protein content began to
drop, the intracellular ROSs level began to increase after 5 min treat-
ment, indicating that the algae cells could no longer maintain cell
metabolism to resist external stress, thereby antioxidant enzyme defense
system was activated to compromise the attack of ROSs.

Malondialdehyde (MDA) is the major product of lipid peroxidation
to indicate the oxidative damage of algal cell membranes (Liu et al.,
2018). It was found that MDA level increased rapidly in the initial 10
min, and then dropped to a normal level at about 20 min (Fig. 5(e)). This
suggests that cell membrane was the first attacking sites which caused
the lipid peroxidation and subsequent increase of cell membrane
permeability, allowing the entrance of more photo-generated ROSs.
Thus, the intracellular antioxidant enzyme system was activated (i.e.
up-regulation of CAT and SOD) to quench the ROSs, leading to the rapid
decrease of lipid peroxidation after 10 min. It was found that the MDA
level was re-raised in the late stage at 30 min, which could be due to the
over-accumulation of ROSs inside the cells cause the dysfunction of
antioxidant enzyme system and subsequent cell necrosis. On the con-
trary, no significant changes of SOD, CAT and MDA activity and intra-
cellular ROSs level were observed under dark control experiments.
These evidences confirmed the ROSs-induced oxidative physiological
response of K. mikimotoi under photocatalytic treatment.
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Fig. 5. Changes of (a) total soluble protein content, (b) superoxide dismutase (SOD) activity, (c) catalase (CAT) activity, (d) intracellular ROS level and (e)

malondialdehyde (MDA) level during photocatalytic inactivation of K. mikimotoi cells under VL irradiation (A > 420 nm).

3.5. Intracellular release profile and toxicity assessment

To evaluate the impact to the marine environment after the photo-
catalytic treatments, intracellular release profile and acute toxicity were
investigated during photocatalytic inactivation process. The organic
matter in this marine microbial system can be classified as IOM and
EOM. Fig. 6 depicts that during the inactivation process of K. mikimotoi,
the IOM was gradually decreased obviously with the increase of EOM,
due to the rupture of cell membrane causing the IOM to be released to
the environment. It was estimated that 71% of IOM was released from
cells after 1 h of photocatalytic treatment, which might cause secondary
pollution to the marine environment. Thus, the release profile was
further studied by three-dimensional fluorescence EEM (Li et al., 2014;
Ou et al, 2011), which can provide additional insights into the
composition of released organic matter. Fig. 7 shows the EEM of released
organic matter with different reaction time during the inactivation
process of K. mikimotoi. Two peaks at Aex/Aem Of 260/520 nm (peak A)
and 275/345 nm (peak B) were observed at the initial stage (Fig. 7(a)),
which was indexed to humic-like and fulvic acid-like substances,
respectively. With 10 min of treatment, a new fluorescent peak at
Aex/Mem Of 240/370 nm (peak C) was observed (Fig. 7(b)), which cor-
responds to tryptophan-like substance according to previous reports
(Murphy et al., 2006, 2011). With prolonged treatment time to 60 min,
the fluorescent peaks of A and B were both disappeared, with fluorescent
peak C steadily increased (Fig. 7(c-g)), suggesting that humic-like and
fulvic acid-like substances were degraded while tryptophan-like sub-
stances in cells leaked into seawater during the photocatalytic
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Fig. 6. Temporal profiles of intracellular organic matter (IOM) and extracel-
lular organic matter (EOM) in K. mikimotoi cell suspensions during photo-
catalytic inactivation under VL irradiation.

inactivation process. Tryptophan is considered to be an important amino
acid to constitute proteins in aquatic life, which would not cause sig-
nificant negative impacts to the marine environments (Favero and



W. Wang et al.

200 300

300 200 300
Ex. (nm)

Environmental Research 198 (2021) 111295

0.4

0.3

0.2

0.1

0

300
Ex. (nm)

400

mm'(ll)-K' Ec.” Mg

600 4

' 2004

.
S
-4

C (ng/L)

0 10 20 30 40 50 60
Time (min)

Ex. (nm)

Fig. 7. (a-g) Fluorescence excitation-emission matrix (EEM) spectroscopy of released organic matter from K. mikimotoi cell solutions during photocatalytic inac-
tivation process; (h) Variation of inorganic ions (K", Ca®>* and Mg?") during photocatalytic inactivation process of algae.

Giaquinto, 2020). In addition, the inorganic matter variation was also
monitored during the photocatalytic process (Fig. 7(h)). It was found
that the concentration of major inorganic ions K*, Ca**, and Mg*"
remained unchanged, indicating K. mikimotoi inactivation by the present
photocatalytic method posed minimal impacts on the seawater
environments.

Previous studies have shown that K. mikimotoi can secrete haemo-
lytic and cytotoxic substance. To evaluate the toxicity and potential risks
to the marine ecosystems during photocatalytic treatment, the evolution
of acute toxicity of the algal suspension and released substance was
studied using luminescent bacteria (V. fischeri) as the subject organism.
It was found that the inhibition ratio of bioluminescence for the algal
suspension significantly decreased from 46.34% to 7.17% after 60 min
of treatment. In contrast, the inhibition ratio of bioluminescence for the
released substance (filtered solution) remained the same at a low level of
~7.2% (Fig. 8). This suggests that at the initial stage, the toxicity of the
K. mikimotoi cells was high which caused the high inactivation of
luminescent bacteria, while the released substance had low cytotoxicity,
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Fig. 8. Evolution of acute toxicity of both algal suspension and filtered solution
evaluated by inhibition efficiency towards V. fischeri during photocatalytic
inactivation process of K. mikimotoi.

indicating the toxic effect of K. mikimotoi was contact-dependent and
mainly existed on the K. mikimotoi cell membrane. With photocatalytic
treatment, the toxicity of the algal suspension was deceased due to the
rapture of cells. This also confirmed that toxicity of K. mikimotoi was
derived from the intact algal cell rather than the released toxins. The
present photocatalytic treatment was able to not only inactivate but also
lyse the K. mikimotoi cells to destroy the cell membrane, so that complete
detoxification could be reached.

On the basis of above results, the inactivation mechanism for
K. mikimotoi was illustrated in Fig. 9. With VL irradiation, the photo-
catalytic system generated ROSs, in which photo-generated h* and 0,
were found to be the dominant active species to attack the algal cells,
resulting in severe oxidative damage to the cell envelope and leading to
the destroy of antioxidant enzyme system and departure of nucleus.
Overall, the K. mikimotoi cells were inactivated and lysed, which
significantly decreased the cytotoxicity, and the leakage of intracellular
components posed minimal impacts on marine ecosystems after the
photocatalytic treatment.

4. Conclusions

In summary, the photocatalytic inactivation mechanism against
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Fig. 9. Schematic illustration of overall photocatalytic inactivation mecha-
nisms of K. mikimotoi over g-C3N4/TiO, film photocatalyst under VL irradiation
(A > 420 nm).
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marine harmful microalgae K. mikimotoi was investigated for the first
time. TiOy/g-C3N4 immobilized films were utilized as model photo-
catalysts under VL irradiation, which could achieve 64% inactivation
efficiency within 60 min, evaluated by monitoring the in vivo
chlorophyll-a fluorescence. This immobilized photocatalytic film
possessed high photo-stability, and was able to be easily recycled for
four times with negligible activity loss. Roles of photo-generated h* and
10, as the major reactive species were confirmed by scavenging study
combined with quantitatively analysis of specific ROSs. The cell mem-
brane was found to be the first attacking sites which caused lipid per-
oxidation and increase of membrane permeability, followed by
induction of antioxidant enzyme system (i.e. up-regulation of CAT and
SOD) to quench intracellular ROSs. The complete lysis of cell structure
was observed with departure of nucleus. In addition, intracellular
release profile and acute toxicity assessment indicated the toxicity of
K. mikimotoi was contact-dependent, which can be detoxified by lysing
of the cells during photocatalytic treatment. Due to the merits of direct
utilizing solar energy, the present treatment methodology shows po-
tential to be a promising and sustainable alternative to in-situ controlling
harmful microalgae at sea environments in the future.
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